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ABSTRACT 


3 


A study  was  conducted  to  assess  the  feasibility  and  define  the  system  accuracy  and 
equipment  required  to  add  a bearing  measurement  subsystem  to  the  SECANT  Collision 
Avoidance  System  (CAS).  The  results  indicate  the  feasibility  of  achieving  the  accuracy 
required  to  serve  useful  functions . Equ4)nient  configurations  required  for  Proximity 
Warning  Indicator  and  CAS  applications  were  evolved  and  are  presented  in  detail  in 
this  study. 


A design  approach  was  developed  and  trade-off  and  accuracy  analyses  are  presented. 

The  approach  utilizes  a ring  array  antenna  consisting  of  vertical  monopoles  intercon- 
nected by  stripline.  It  has  a high  accuracy  outer  ring  of  16  monopoles,  an  inner  ring 
of  4 monopoles  for  resolving  ambiguities,  and  a central  reference  monopole.  The  array 
receives  the  signals  transmitted  by  any  of  the  equipment  types  in  the  SECANT  family, 
and  the  relative  bearing  is  determined  by  measuring  the  phase  difference  between  the 
signals  in  the  reference  monopole  and  in  the  rings . Random  errors  are  minimized  by 
integration  of  the  high  pulse  rate,  frequency  hopped  signals.  Predicted  overall  error 
is  1 degree,  one  sigma  with  a bias  component  of  0.8  degree  and  a random  component 
of  0.5  degree. 


C 


^ An  antATina  array  was  constructed  and  tests  in  an  anecholc  chamber  confirmed  the  validity 
of  the  design  ^p roach.  Receiver  and  data  processing  configuration  approaches  were  also 
developed  for  Proxlmitj(^^^mlng  Indicator  and  Collision  Avoidance  System  applications. 
The  general  approach  is  also  applicable  to  other  system  applications  such  as  navigation. 


and  electronic  warfare . 
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1 . 0 INTRODUCTION 


1.1  GENERAL 

This  is  the  Final  Report  of  the  Bearing  Measurement  Study  Program  performed  for  the 
Naval  Air  Development  Center  under  contract  N62269-73-C-0906.  The  work  reported 
on  herein  Is  completely  responsive  to  the  contract  Statement  of  Work  (SOW)  which  Is 
provided  for  reference  as  Appendix  A . 

The  purpose  of  this  study  program  was  to  investigate  the  feasibility  of  a relative  bearing 
measurement  subsystem  which  could  provide  useful  functions  in  airborne  anti-collision 
systems,  such  as: 

• Visual  indication  of  the  relative  position  of  conflicting  aircraft 

When  incorporated  in  a range-altitude  Proximity  Warning  Indicator  (PWI), 
it  could  assist  the  pilot  in  visual  acquisition  of  the  alarm  causing  aircraft. 

When  incorporated  in  a Collision  Avoidance  System  (CAS)  using  the  Tau- 
Altitude  criterion  of  ANTC-117,  it  could  improve  the  control  of  the  indicated 
threat  and  avoidance  maneuver. 

• Computation  of  the  miss  distance  for  conflicting  aircraft 

In  a Tau-altitude  CAS,  it  could  eliminate  alarms  for  conflicts  that  have 
sufficient  miss  distance. 

In  a Tau-altitude  CAS  (with  additional  computation  and  display  capability)  it 
could  command  a horizontal/vertical  escape  maneuver  for  situations  where 
such  a maneuver  would  be  preferred  over  a vertical  escape  maneuver. 


In  Task  1,  the  bearing  measurement  accuracys  required  for  the  Identified  functions  were 
analyzed.  In  Task  2, 1 through  2.3,  trade-off  analyses  were  made  to  establish  the  pre- 
ferred antenna,  signal  processing,  and  data  processing  configurations.  Then  In  Task 
2.4,  the  significant  sources  of  error  were  evaluated  and  utilized  to  predict  the  bearing 
measurement  accuracy.  In  Task  3.1,  a breadboard  antenna  was  built  and  tested;  and 
In  Task  3.2  through  3.4,  the  hardware  characteristics  were  defined  for  the  receiving, 
signal  processing,  and  data  processing  portions  of  the  system. 

Each  SOW  task  and  the  section  of  the  report  in  which  it  Is  described  is  given  in  Table 
1-1 . The  balance  of  this  section  provides  a summary  of  the  program  and  the  conclusions 
derived. 

1.2  SUMMARY  OF  RESULTS 


Task  1.  Accuracy  Requirements  Analysis 


• The  Proximity  Warning  Indicator  function  has  little  influence  on  establishing 
the  accuracy  requirement  for  bearing  measurement  because  of  the  large  quan- 
tization needed  in  the  display. 


A bearing  measurement  random  error  requirement  of  0.56  degrees,  one 

sigma,  was  established  to  provide  the  desired  miss  distance  accuracy.  ^ 

The  latter  Is  independent  of  bias  error  over  the  region  of  Interest.  This 

miss  distance  accuracy  could  provide  a significant  reduction  in  the  un-  | 

necessary  alarms  caused  by  the  Tau-altltude  criterion  specified  by  ANTC-117.  || 

A bearing  measurement  accuracy  requirement  for  commanding  horizontal  l 

maneuvers  was  to  be  provided  by  a study  being  done  by  Systems  Control,  Inc.  f 

for  the  Transportation  System  Center.  Their  report  Indicates  that  2.5  degrees  | 

(one  sigma)  Is  an  acceptable  value,  but  RCA  believes  that  this  value  is  excessive  I 

due  to  invalid  assumptions  In  their  study.  | 
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TABLE  1-1 


CORRELATION  BETWEEN  REPORT  SECTIONS  AND 
SOW  TASKS 


1 


REPORT 


SECTION 

WORK  DESCRIPTION 

SOW  TASK 

2.0 

Derivation  of  bearing  measurement  accuracy  requirements 

1 

3.0 

Configuration  Analysis 

2 

3.2 

Antenna 

2.1 

3.3 

Signal  Processing 

2.2 

3.4 

Data  Processing 

2.3 

3.5 

Accuracy  Analysis 

2.4 

4.0 

Build  and  test  a breadboard  antenna 

3.1 

5.0 

Hardware  Characteristics 

3 

Receiver 

3.2 

Signal  Processor 

3.3 

Data  Processor 

3.4 

*] 
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Task  2.1.  Antenna  Configuration  Analysis 


• A ring  array  Is  preferred  over  the  three  element  interferometer  array 
originally  proposed  because  it  provides  an  output  phase  difference  between 
two  ports  which  is  a linear  function  of  target  relative  bearing,  simplifying 
data  processing  requirements. 

• For  high  accuracy  applications,  a four  cycle  ring  array  is  preferred  over 

a one  cycle  ring  array  because  its  azimuth  sensitivity  is  four  times  as  great. 
However,  a one  cycle  array  is  also  needed  for  determining  the  target's  quad- 
rant. The  one  cycle  array  alone  will  provide  sufficient  accuracy  for  the  PWl 
application. 

• The  preferred  antenna  configuration  for  high  accuracy  applications  is  an  array 
of  21  vertical  monqpoles,  arranged  in  two  rings  around  a central  monopole  (as 
shown  in  Figure  1-1).  The  four  elements  of  the  Inner  ring  form  the  one  cycle 
array  whose  output  phase  difference  (relative  to  the  center  monopole)  is  a direct 
function  of  the  target  relative  bearing.  The  sixteen  elements  of  the  outer  ring 
form  the  four  cycle  array . 

• Increasing  the  aperture  of  the  antenna  reduces  the  sensitivity  to  multipath  but 
increases  Installation  problems.  A diameter  of  9-5/16"  was  selected  as  most 
£q>propriate  for  the  four  cycle  array . 

Task  2.2  and  2.3,  Signal  and  Data  Processing 

• A double  superheterodyne  receiver  will  provide  signals  in  its  2nd  IF  which 
preserve  the  phase  of  the  RF  signals  received  in  the  antenna  and  are  suitable 
for  phase  measurement  instrumentation.  Two  phase  balanced  receiver  channels 
are  needed  to  bring  signals  simultaneously  from  the  reference  monopole  and 
either  the  one  cycle  or  the  four  cycle  array  to  the  phase  measurement 
instrumentation . 
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• Location  of  the  front  end  of  the  receiver  at  the  antenna  site  to  provide  Ist  IF 
signals  to  the  long  cables  between  the  antenna  and  the  equipment  unit  will  be 

t 

I required  to  reduce  phase  variations  due  to  cable  characteristic  variations . 

I 

I • Due  to  the  accuracy  requirements,  it  may  be  desirable  to  provide  a means 

I 

I to  check  and  correct  the  phase  balance  between  the  two  channels  periodically 

and  automatically. 

i 

[ • An  IF  bandwidth  of  6 MHz  is  required  to  limit  phase  transients  sufficiently  to 

! permit  accurate  phase  measurement.  Time  gating  is  also  required  for  In- 

hibiting phase  measurement  during  the  filter  transients  at  the  beginning  and 
i end  of  pulses. 

I 

• Sixty-two  samples  from  the  high  accuracy  four  cycle  antenna  can  be  measured 

: for  each  target  during  the  last  half  of  the  SECANT  track  cycle.  The  measure- 

! ments  can  be  integrated  and  data  processed  to  minimize  random  errors. 

• Ten  samples  from  the  one  cycle  antenna  can  be  measured  for  each  target  during 

! the  first  half  of  the  SECANT  track  cycle.  The  measurements  can  be  integrated 

and  data  processed  to  remove  bearing  ambiguity  from  the  four  cycle  anteima 
valuations . 

1 

; 

e The  continuous  frequency  hopping  of  the  SECANT  reply  frequencies  (P^,  P", 

I Q , Q ) provides  frequency  diversity  which,  through  the  integration  process, 

tends  to  reduce  multipath  error.  By  increasing  the  spread  of  these  frequencies 
to  the  maximum  available  in  the  30  MHz  CAS  band,  multipath  error  can  be  re- 
duced significantly. 


• Fruit  effects  can  be  minimized  by  range  gating  and  data  averaging.  Furthermore, 
"wild"  phase  measurements  caused  by  fruit  interference  on  the  reply  being 
measured  can  be  rejected. 


i 

> 


• Bearing  measurements  must  be  corrected  for  aircraft  attitude  for  accurate 
computation  of  miss  distance.  Because  miss  distance  Is  computed  from  the 
difference  In  relative  bearing  measurements  at  two  different  times;  the  bearing 
measurements  and  aircraft  attitude  data  must  be  stored,  and  the  time  difference 
must  be  known  and  utilized  In  the  computation. 

• The  time  difference  will  vary  with  traffic  density.  In  order  to  have  a large 
enough  time  difference  for  computation  accuracy,  the  second  hearing  measure- 
ment should  be  inhibited  until  at  least  four  seconds  after  the  first  measurement. 
Then  the  greatest  time  difference  that  may  occur  will  be  eight  seconds,  which 
Is  acceptable. 

Task  2.4,  Accuracy  Analysis 

• A detailed  accuracy  analysis,  In  which  significant  sources  of  error  were 
analyzed,  predicted  the  following  measurement  error  characteristics. 


Error  Type 

Relative  Bearing  (/3 ) 
Overall 
Bias 
Random 


Degrees (Ig) 

1.0 

0.8 

0.5 


These  results,  however,  are  predicted  upon  assumptions  which  should  be 
experimentally  validated. 

Task  3.1,  Breadboard  Antenna 

• The  21  monopole,  three  ring  array  (shown  In  Figure  1-1),  was  built  using 
strlpllne  techniques . All  transmission  lines  and  hybrids  for  connecting  the 
elements  of  each  array  to  Its  connector  were  provided  by  appropriate  etching 
of  a copper  clad  dielectric  sheet. 
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• Basic  tests  of  the  antenna  in  an  anecholc  chamber  Indicated  good  correspon- 
dence with  expected  performance.  Some  anomalies  were  found  that  are  con- 
sidered to  be  correctable  by  dimensional  changes.  The  one  cycle  array  had 
a high  ripple  (cyclic  departure  from  linearity)  which  was  found  to  be  caused 
by  reradlation  from  the  four  cycle  array.  This  can  be  corrected  by  short 
circuiting  the  four  cycle  array  when  the  one  cycle  array  is  being  used. 

• Patterns  of  phase  difference  versus  azimuth  angle  indicated  a bearing  measure- 
ment accuracy  close  to  the  predicted  value . 

• The  effect  of  multipath  was  explored  by  placing  a cone  reflector  on  the  antenna 
table  and  observing  the  resulting  change  of  azimuth  pattern.  The  spacing  of 
the  reflector  was  not  typical  of  aircraft  surfaces  due  to  the  limited  size  of  the 
turntable  and  the  anecholc  chamber.  The  result  showed  a peak  error  (max- 
imum departure  of  indicated  azimuth  from  actual  azimuth)  of  2 degrees.  This 
value  is  slightly  larger  than  the  predicted  value  of  1.4  degrees. 

• Frequency  diversity  reduced  the  multipath  error  to  a peak  value  of  1.2  degrees. 
A reduction  to  0.63  degrees  is  predicted  for  cases  where  the  mult4)ath  re- 
flector is  at  greater  distances,  which  is  more  representative  cf  aircraft 
structures. 

• The  variation  of  the  azimuth  characteristic  with  vertical  angle  was  found  to 
be  suitably  small. 

Task  3.2.  3.3,  3.4,  Hardware  Characteristics 

• A novel  digital  concept  will  pennlt  phase  measurements  to  be  made  with  a 
quantization  error  of  0.04  degrees, 

• The  miss  distance  determination  function  can  be  omitted  to  reduce  the  com- 
plexity of  the  Bearing  Measurement  Subsystem  for  use  with  a PWI. 


J 


1-8 


1.3  CONCLUSIONS 


The  follovving  conclusions  were  reached  as  a result  of  this  program: 

a.  Bused  on  the  results  of  this  analysis  plus  a limited  antenna  test,  the  ability 
to  measure  relative  bearing  of  a cooperative  target  appears  to  be  feasible. 

b.  The  model  used  in  the  analysis  and  tests  of  this  program  was  based  on  data 
from  t\pical  aircraft  antenna  patterns.  However,  the  degree  of  equivalence 
is  not  certain  and  should  be  confirmed  by  test . 

c . The  indicated  perfoinnance  results  from  the  combination  of  several  unique 
techniques: 

• Four  cycle  ring  antenna  array 

« Frequency  diversity 

• Time  gating 

• Digital  phase  measurement 

• Integration  and  data  processing  of  many  independent  measurements 

• Attitude  compensation 

d.  There  are  a number  of  potential  applications  for  which  a Bearing  Measure- 
ment Subsystem  of  the  type  and  capability  described  here  can  be  useful. 
Further  study  of  their  usefulness  and  feasibility  may  be  appropriate.  Such 
applications  include: 

• Proximity  Warning  System 

Similar  to  station-keeping  but  with  less  accuracy  and  resolution 

• Rendezvous  Systems 

• Airborne  Refueling 

• Sonobuoy  Locating 
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Carrier  Homing 


r 


Search  and  Rescue 

Navigation  Systems 

Automatic  Direction  Hnding  (ADF) 


1.4  RECOMMENDATIONS 

Because  of  the  indication  that  the  Bearing  Measurement  Subsystem  is  feasible,  and  be- 
cause it  is  expected  to  be  useful  in  a number  of  worthwhile  applications,  the  following 
recommendations  are  made: 


a.  The  investigation  of  feasibility  should  be  extended  to  field  tests  of  the  tech- 
niques and  equipment  proposed . 

b.  The  most  useful  of  the  potential  applications  should  be  identified  and  their 
feasibility  determined  by  further  studies . Such  studies  should  Include  re- 
quirements definition  and  analysis,  system  concept  design,  equipment  concept 
design,  and  cost  projection. 


1 
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SECTION  2.0 


1 


ANALYSIS  OF  ACCURACY  REQUUiEMENTS  (TASK  1) 

2.1  INTRODUCTION 

This  section  is  responsive  to  Task  1 of  the  Statement  of  Work.  The  objective  of  the  task 
is  to  define  the  accuracy  requirement  to  be  Imposed  on  the  bearing  measurement  sub- 
system for  its  three  functional  uses.  These  uses  are: 

a.  Visual  Bearing  Indicator 

A relative  bearing  indicator  for  use  in  conjunction  with  a Proximity  Warning 
Indicator  (PWl)  or  a Collision  Avoidance  System  (CAS)  to  assist  in  pilot  lo- 
cation of  threatening  aircraft . 

b.  Unnecessary  Warning  Elimination 

H 

Horizontal  miss  distance  measurement  for  use  in  conjunction  with  a Vertical 
Escape  CAS  (VECAS)  to  eliminate  some  of  the  unnecessary  warnings  of  the 
Tau  criterion.  Warnings  are  unnecessary  when  the  miss  distance  is  greater 
than  a safe  value  but  nevertheless  exceeds  the  Tau  criterion. 

c.  Horizontal  Maneuvering 

Miss  distance  measurement  for  use  in  conjunction  with  a CAS  to  determine 
when  a horizontal  maneuver  should  be  initiated  and  the  proper  direction  and 
duration  of  the  maneuver.  | 

The  major  effort  on  this  task  was  specified  to  be  on  Function  (b).  The  accuracy  require- 
ment for  Function  (a)  was  to  be  obtained  from  available  FAA  studies  and  for  Function  (c)  I 

from  a study  program  being  conducted  by  Systems  Control,  Inc.  for  the  Transportation 
System  Center.  i 

i 
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The  task  results  for  each  of  these  functions  are  described  In  Sections  2.2,  2.3,  and  2.4 
respectively.  The  overall  conclusions  are  summarized  in  Section  2.5. 


2.2  VISUAL  BEARING  INDICATOR 

The  accuracy  requirement  for  bearing  measurement  when  it  is  used  as  a visual  indicator 
of  threat  relative  bearing  was  determined  from  a study  done  by  FAA  contained  in  Report 
No.  FAA-RD-71  entitled,  "Reactions  of  Pilots  to  Warning  Systems  for  Visual  Collision 
Avoidance"  dated  December  1971.  The  conclusion  was  reached  in  that  study  that  there 
was  no  value  in  using  a warning  sector  of  less  than  30  degrees  in  azimuth.  No  specific  in- 
vestigation was  made  to  determ  me  the  result  of  indicating  the  adjacent  sector  rather  than 
the  one  in  which  the  target  is  located.  However,  the  study  indicates  that  a minimum  PWI 
without  where-to-look  Information  is  of  significant  value  in  reducing  undetected  alarms. 

This  implies  that  a wrong  sector  indication  is  relatively  unimportant,  and  therefore,  a 
one  sigma  error  of  as  much  as  15  degrees  is  acceptable. 

These  statements  apply  to  the  pilot  display  and  Indicate  the  quantization  requirement . This 
would  also  specify  the  accuracy  requirement  for  the  bearing  measurement  subsystem.  How- 
ever, it  is  expected  that  the  accuracy  of  a practical  bearing  measurement  subsystem  would 
be  much  better  than  required  for  this  function.  Therefore,  the  accuracy  requirement  used 
to  set  the  design  goal  for  this  program  will  not  be  based  on  this  function  but  on  one  of  the 
more  demanding  functions  to  be  discussed  in  the  following  subsections . 

2.3  ACCURACY  REQUIRED  FOR  UNNECESSARY  WARNING  REDUCTION 
2.3.1  Introduction 

This  section  investigates  the  accuracy  required  for  swept  bearing  measurement  when  it  is 
used  to  determine  miss  distance  to  reduce  unnecessary  alarms  caused  by  the  use  of  a Tau 
warning  detector  alone . 


rakiiig  a horizontal  miss  distance  value  of  1000  feet  or  less  as  unacceptable,  then  all 
T u lor  Tau  2 warnings  on  conflicts  that  have  more  than  1000  feet  miss  distance  are  con- 
sidered unnecessan’ . A discriminator  is  postulated  which  determines  miss  distance 
pi'ior  to  initiation  of  the  Tau  warning  and,  if  greater  than  a threshold  value  M-j.,  will  in 
hiblt  the  Tau  warning. 

Pi-evlous  work  found  that  the  least  error  sensitive  approach  for  determining  miss  dlstam  e 
by  measuroments  from  one  aircraft  is  to  measure  the  relative  range  and  the  relative  Ixjarlng 
at  two  successive  times . Then 


'(R,  - ^ (AjSf 


where 


Relative  range  at  time  i 


Relative  range  at  time  2 


S%vept  bearing,  the  change  in  relative  bearing  from  time 
1 to  time  2 


The  approximation  is  true  for  the  small  miss  distances  of  concern  to  collision  avoidance. 
This  t^proach  allows  the  miss  distatice  to  be  measured  as  almost  a direct  function  of 
swept  bearing  and  is  completely  Independent  of  a constant  bias  error  bi  the  bearing 
measurement . 

The  locus  of  the  Tau-Range  alarm  R'p  = Rq  + T | - R | plotted  in  a distance-to-go, 
miss  coordinate  system,  is  a cardioid  (see  Figure  2-1).  If  a critical  miss  cor- 
responding to  the  hazardous  near-miss  condition  (say  1000  ft. ) is  specified,  then  the 
region  of  the  cardioid  where  the  abscissa  lies  between  Mq  and  (as  well  as  l)etween 

-Mp  and -M  , ) constitutes  a region  of  unnecessary  alarms.  The  probability  of  false 
^ m iix 


alarms  for  the  Tau  (T)  system  fhen  

"^max 


Ideally,  then,  if  the  miss 


distimce  sensor  has  a threshold  Mj  set  equal  to  M^'  It  would  eliminate  a wide  rejjion 
of  alarms  which  would  otherwise  be  generated  by  the  Tau  warning.  Because  of  errors  in 
measured  range  and  bearing,  there  will  be  errors  in  computed  miss  distance.  The  errors 
incur  a finite  probability  that  the  computed  miss  exceeds  the  alarm  threshold,  whence  no 
alarm  would  be  given  when  it  should  have  been  given.  To  reduce  this  probability  of  mis- 
sed alarm, it  is  necessary  to  set  the  miss  threshold  to  a value  somewhat  greater  than  the 
critical  value,  and  to  accept  less  thim  the  ideal  reduction  in  unnecessary  alarms.  The 
single  conflict  missed  alarm  probability  (Pjjjag)  is  computed  as  a function  of  miss  threshold 
(M.^)and  of  statistical  error  parameter  in  miss  a(6M).  The  miss  parameter  being  a function  of 
relative  velocity  (Vr)and  of  swept  bearing  error  parameter  cr(  A/3),  it  was  then  possible  to  plot 
Mj  vs.  for  sj^ecific  values  of  P^as  ^r-  To  definltize  the  selection  of  the  false 

alarm  probability  (Pfac)  for  the  combined  M-t  system  is  then  M-p  - as  leading  to  a 

factor  (T/)to  define  the  relative  efficiency  of  improvement  of  the  combined  M-T  system. 


^max  “ 


^far  ~ ^fac 
Pfar 


Evidently  the  smaller  the  threshold,  the  greater  the  effectiveness  in  eliminating  false 
alarms.  By  specifying  Pfac  = 0.5,  a region  of  acceptable  values  of  M-p  and  ct(A/3)  has 
been  obtained  for  either  T 1 or  T2  cardioid. 

Finally,  threshold  values  were  tested  under  specified  (simulated)  traffic  conditions.  In 
the  controled  environment  of  the  1982  LAX  traffic  model,  the  result  is  several  orders 
of  magnitude  reduction  in  missed  alarm  probabilities . It  af^ears  then,  that  a specifi- 
cation of  Pmas  ~ cardioid,  should  be  acceptable.  Based  on  these  values, 

an  acceptable  value  of  a(A/3)  has  been  determined,  with  suitable  M-p  being  taken  as  function 
of  relative  velocity. 


2.3.2  Threshold  Setting  vs.  Bearing  Error 

For  two  aircraft  in  conflict,  a missed  alarm  probability,  Pj^as*  ^ defined  as  the 
conditional  probability;  given  that  the  Intruder  aircraft  has  penetrated  a Tau  cardioid 


(either  Tl  or  T2)  iind  has  a projected  miss  distance  less  than  some  critical  value 
then  Pmas  ^^e  probability  that  an  alarm  is  not  given;  i.e. , the  Indicated  miss  is 
greater  than  a specified  miss  alai-m  threshold.  Thus, 


m as 


= -1  P (-  M-i'  < M M'p) 
- i - 1/2  [erf  Xg  + erf  ] 


where  (see  App.  B), 


M-p  + Mq  + 5 M 
2 M-p  - M(^  - 6M 


and  where  6^  = bias  error  in  miss  estimate 


= std.  deviation  of  error  in  miss  estimate 


The  miss  statistical  parameters  are  functions  of  the  error  parameters  in  measured 

range  and  swept  bearing,  as  discussed  in  App.  C.  They  are  evaluated  at  Tau  cardioid 

penetration  and  at  a critical  miss  distance  taken  as  = 1000  feet  (near-miss  hazard 

criterion),  see  Figure  2-1.  A standard  5 second  interval  is  used  for  the  measurement 

of  swept  bearing  (A/3).  Tables  2-1  and  2-2  show  sample  printouts  for  P as  a 

mas 

function  of  a(A/3)  and  for  specified  t,  Vr,  and  M-p.  Pmas  shown  plotted  in  Figure 
2-2  as  a function  of  ctm,  independent  of  r and  V^.,  and  for  zero  bias  error  in  A/3. 

(It  is  expected  that  systematic  bearing  errors  will  be  predominantly  a consequence  of 
fruit  interference  and  multipath  effects;  that  is,  the  bias  error  may  be  nonstatlonarv, 
time-dependent.  The  bias  error  is,  therefore,  neglected  in  the  subsequent  analysis, 
and  it  is  to  be  understood  that  a sigma  specification  is  inclusive  of  the  bias  effects,  on 


an  rss  basis.)  Table  2-3  provides  a calibration  table  for  converting  a (6M)  to  appro- 
priate cr(A(3)  at  various  speeds.  Note  that  the  required  ff(Afi)  decreases  with  increased 


TABT.E  2-1 


Pmas  vs  c(A3),  for  = 315  Knots,  '.2,  = 2000  ft. 

(Various  Bias  Error  Ratios) 
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TABLJ:  2-2 


;> 


It 


Pmas  Vs.  o(AB)  for  = 315  Knots 


{t2 , = 11000  ft. ) 


TAO. 

;»0  HT.  IIOOO-OJ  VR,  315. 

no 

PFA 

pma 

SC(Pb) 

^(nu) 

DfcKM) 

PM 

(1-Ptlj 

' OilU 

0i  30 

>23,572 

5.^93 

I. 0000 

0.0000 

3.9900 

0.0000 

0'3o 

3*  00 

i«73.877 

6.^93 

1*0000 

0*0030 

0.9900 

0*0000 

300 

3U5.U3 

6^«93 

0*9993 

0-000'' 

0.9893 

0*0000 

“o*®o 

3i00 

<(998,966 

6!<(93 

0*9694 

0*  0306 

0.9597 

0*0003 

1*00 

0»00 

6?.3i>.2o5 

6. <(93 

O*9i0A 

O«O0l6 
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0*0000 

“ri3o  ■■ 

OtOO 

6.493 

0*82l9 

0.1701 

0.0136 

0*0018 

I 
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Note:  <'(A6)  given  in  degrees  per  five  second  interval 


Vj.  (relative  velocity),  for  given  (r(6M).  A different  manner  of  presentation  is  given. 
Figure  2-3,  where  miss  threshold  M-p  has  been  plotted  against  a(6M)  for  specified 
values  of  Pmas-  ^^ven  a value  of  a(6M),  it  is  seen  that  the  miss  threshold  must  in- 
crease in  order  to  decrease  the  missed  alarm  probability.  Conversely,  if  the  threshold 
is  fixed,  then  ct(6M)  must  be  reduced  in  order  to  reduce  Pmas- 

By  employing  Figure  C-3,  of  Appendix  C,  the  miss  threshold  required  to  achieve  a 
specified  Pmasi  for  specified  t and  V^,  can  be  displayed  as  a function  of  a (A/3). 
Figures  2-4  through  2-7  present  this  Information.  Evidently  some  additional 
criterion  must  be  applied  to  definltlze  the  M-p  selection.  This  is  taken  to  be  the  effect- 
iveness in  reducing  the  single  conflict  false  alarm  probability.  In  Figure  2-1,  it  it 
is  equally  likely  that  M-p  can  have  any  value  up  to  (see  Appendix  D),  then  for  the 

T only  system,  a measure  of  the  expected  number  of  false  alarms  is 


= Mmax  - Me 
^max 

since  only  for  0 < Mj-  < Mf]  should  an  alarm  be  truly  given.  Evidently,  in  a combined 
T-M  system,  we  cannot  make  M-p  = Mq  because  of  measurement  errors.  As  indicated 
in  Figure  2-2,  a sizeable  threshold  is  desirable,  for  fixed  CT( A/3),  in  order  to  obtain 
a suitably  low  Pmas-  other  hand,  lowering  the  threshold  will  decrease  the  false 

alarm  probability.  For  the  combined  system. 


M-p  — Mq 
° “max 

Hgures  2-8  and  2-9  present  as  function  of  V^.  and  M-p. 

A measure  of  effectiveness  is  the  percent  improvement  (l.e. , reduction  in  false  alarm 
probability)  of  the  combined  M-t  from  the  t system. 
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Figure  2-7.  Sigma  of  Swept  Bearing,  (^(A/ 
Miss  Threshold  lOOO's  of  Feet 


I 322 


Figure  2-9.  Miss  Alarm  Threshold  (Mt)  ~ lOOO's  of 
Feet  vs.  False  Alarm  Prob.,  Pfnp 


TJ  (%)  = 100  [1  - 


Pfac 

Pfar 


Tj  has  b©on  plotted  as  functions  of  V^.  and  Miji,  in  two  different  manners  in  P'igures 
2-10  through  2-13.  Superposed  on  Figures  2-12  and  2-13  is  the  T-only  system 
false  alarm  probability,  Pfgj  . 


Finally,  curves  of  constant  are  superposed  on  the  vs.  a(A^)  curves.  If  a 
missed  alarm  probability  of  .01  is  taken  as  acceptable  for  the  T2  cardioid,  then  an 
acceptable  M'p  would  lie  between  7000  and  13000  feet,  dependent  on  Vj.,  so  as  to  give 
about  50%  improvement  in  false  alarm  probability.  The  required  value  of  a(A^  lies 
between  ,5  and  .7  degrees.  In  like  fashion,  if  a of  .001  is  taken  as  acceptable  for 
the  T 1 cardioid,  the  M-p  required  to  give  Pjj^g  = . 5 must  lie  between  2500  feet  and  7000 
feet,  with  a corresponding  cr( A/3)  of  between  .8  and  1.2  degrees.  Results  are  summarized 
in  Table  2-4  for  Pf^c  “ • ^ • 

2.3.3  Alarm  Probabilities  in  Traffic  Environment 

For  a system  comprised  of  both  range  and  miss  distance  alarm  thresholds,  a probability 
of  potential  missed  alarm  can  be  derived.  This  missed  alarm  occurs  when  the  intruding 
aircraft  has  penetrated  the  Tau  alarm  cardioid  with  a projected  miss  distance  less  than 
critical  and  the  computed  (estimated)  miss  distance  is  indicated  as  greater  than  a spec- 
ified threshold  value;  so  that  no  alarm  is  given  when  it  should  have  been  given.  Let 
subscript  c denote  critical  value,  substript  t denote  true  value,  and  subscript  T denote 
threshold  value.  R^,  is  taken  as  the  range  when  the  intruder  penetrates  the  Tau  cardioid 
at  a miss  distance  (see  Figure  2-1).  Thus, 

Tau  2:  R(,(ft.)=  1. 8 x 6076  + 40  V^.  cos  ac 

Tau  1:  Rg  (ft.)  = .25  x 6076  + 25  Vf  cos 
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Figure  2 


Miss  Alarm  Threshold  (M7')~  1000 's  of 
Feet  vs.  T)  =%  Reduction  In  Pfa 


0,  Miss  Alarm  Threshold  (M 
Feet  vs , T)  = % Reduction  in  P 


amm 


[ 


TABLE  2-4 

ANDCT(A/3)  REQUIRED  FOR  Pfac  = -5 


T 

Pm  as 

Vr 

Mrj, 

a(Aj3) 

- 

(KNOTS) 

(FEET) 

(DEG'S.) 

2 

.01 

500 

13400 

.68 

2 

.01 

315 

10500 

.63 

2 

.01 

100 

7200 

.44 

2 

.001 

500 

13400 

.53 

2 

.001 

315 

10500 

.50 

2 

.001 

100 

7200 

.35 

1 

.01 

500 

6850 

1.45 

1 

.01 

315 

4900 

1.47 

1 

.01 

100 

2500 

1.20 

1 

.001 

500 

6850 

1.14 

1 

.001 

315 

4900 

1.09 

1 

.001 

100 

2500 

.82 

with  V'  in  fps,  iind  q:„  tJlven  by 


Me 

sin  . — 


and  is  taken  as  1000  feet.  Numerical  values  of  Rq  are  given.  Table  2-5,  for 
several  values  of  V^..  In  algebraic  notation,  then 

Pma  = P (Rt  < Mj  < Mq)  • P (M  > M-p/Rt  = Re* 


or 


P(Rt  < Rc)  P(Mt  < Mq)  [ 1 - P(  M < Mj/R^  , M^)  ] 


MA 


mas 


P(R(.  < Rq)  and  P(Mt  < M(j)  were  obtained  from  the  cumulative  distribution  functions 
derived  for  the  LAX  1982  traffic  model  (see  Appendix  E).  Note  that  P(M^  < M^)  = .02, 
necessarily  small  in  a controlled  environment,  so  that  is  small,  as  seen  in  Table 
2-5.  Note  that  kj^^  ^ function  of  Vj,  and  T and  P^^as  ^ function  of  the  statistical 
error  parameters  in  computed  miss,  that  is  ct(6M),  6M. 

TABLE  2-5 

CUMULATIVE  PROBABILITIES  BASED  ON  TRAFFIC  MODEL 
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Vr 

Rc 

tc 

Kfa 

^ma 

Rfau 

^mau 

(knots) 

(feet) 

(sec's.) 



— 

— 

T 1 

5673 

.9992 

mM 

.998 

.0023 

T 1 

14783 

.9980 

.994 

.0059 

r 1 

22599 

26.8 

.9953 

■Si 

.991 

.0090 

131 

17678 

104.6 

.9972 

.0028 

.993 

.0071 

32194 

.987 

.0129 

44684 

52.9 

.9815 

.0185 

.982 

.0179 

The  probability  of  potential  false  alarm  is  the  probability  that  the  computed  miss  will  be 
bidicated  as  less  than  threshold,  when  the  intruder  is  outside  the  Tau  cardloid  and  the 
true  projected  miss  is  greater  than  critical.  Thus 


(see  Figure  2-14) 


Sample  printouts  of  a combined  error  and  probability  program  are  shown  in  Tables  2-1, 
2-2.  Figures  2-15  to  2-18  are  plots  of  and  Pj^  for  kj3  = 0 only,  for  Vj.  = 

.315  or  500  knots,  and  for  various  miss  thresholds.  In  general,  for  given  Vj.,  T , and  M.p, 
it  is  seen  that  P^a  increases,  PpA  decreases,  with  Increased  (j(Afi);  it  is  seen  that 
Pma  decreases,  PpA  increases,  with  increased  Mp. 

The  single  conflict  missed  alarm  porbability,  Pmas*  decreases  with  increased  miss 
threshold  (Mp),  for  given  ct(6M),  or  given  a{A^).  But  to  achieve  small  Pj^as*  ^ sizeable 
PpA  niust  be  accepted.  This  is  seen  from  the  formula 


1 “ Pm  1 - Kfg 


Since  kf.j  - .99,  then  - .98  to  obtain  = .001.  If  M-p  is  set  by  specifying 

Pf.,^,,  then  o(Aj3)  is  set  by  specifying  either  Pj-a*  ^MA  ^’mas-  ^ comparison  Is 
affoi-ded.  Table  2-6,  where  Pf^.  ^ -5  and  Pp^  Is  selected  as  .5;  or  Pjjjg^  is  selected 
as  .010  for  T2  cardloid,  or  .001  for  r 1 cardloid.  The  latter  technique  Is  seen  to  give 
a cr(A/3)  requirement  of  around  1/3  that  afforded  by  the  PpA  specification. 

TABLE  2-6 


If  uniform  distributions  are  assumed.  In  both  range  and  miss  distance,  then 


< lie)  = 


He 

50000 


M(’' 

P(M^<Mc)  = - .02.  for  Me  = 1000  ft. 

Then,  for  the  uniform  distributions, 

•^mau  = < He)  • H(M,  < Me)  = .02  Re/50000 

Kfau  = 1 - P(llt  < He)  • P(Mt  < Me)  = 1 - Vau 

Numerical  values  are  displayed.  Table  2-5.  Comparison  with  the  values  for  the  L.aX 
model  shows  a marked  similarity,  indicating  that  the  distributions  for  that  model  are 
essentially  uniform . 

2.3.4  Conclusions 

It  has  been  shown  that  acceptance  of  a missed  alarm  probability  of  0,01  for  r2  cardlold 
penetration  provides  a requirement  of  between  0.44°  and  0.68*  on(J(Aj3)  and  of  between 
7200  feet  iind  13400  feet  on  miss  threshold,  depending  on  relative  speed  (Vp).  Acceptance 
of  Pjuas  “ 0.001  for  T 1 penetration  provides  a requirement  of  0.82°  to  1. 14°  on  a{A^) 
and  of  2500  feet  to  6850  on  Mj,  The  reduction  of  unnecessary  alarms  depends  directly 
on  the  threshold  setting  that  can  be  used,  but  this  in  turn  depends  on  the  cr(A/3)  and  on  the 
relative  speed.  In  a practical  system,  a(A)3)  would  be  fixed  but  the  threshold  could  be 
adjusted  to  the  speed  and  Tau  of  the  particular  encounter.  If  we  base  the  system  design 
on  achieving  a = 0,5  at  Tau  1 with  Vj.  = 100  knots  and  Pmas  “ 0.001,  the  required 

a(Afl)  is  0.8  degrees  (five  second  interval).  With  this  constant  value,  the  false  alarm 
probability  improvement  will  differ  at  other  values  of  relative  velocity  and  Tau,  as  shown 
In  Table  2-7.  The  improvement,  especially  at  Tau  1,  is  substantial. 
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TABLE  2-7 


REDUCTION  OF  UNNECESSARY  ALAIUVIS  FOR  a(Afi)  = 0.8  DEGREE 


^mus 

Vr 

(knots) 

Mt 

(feet) 

Pfac 

Pfar 

V 

(%) 

rl 

.001 

100 

2500 

.50 

.67 

25 

Ti 

.001 

315 

3800 

.36 

.87 

59 

T 1 

.001 

500 

5100 

.35 

.92 

62 

r2 

.01 

100 

12500 

.92 

.92 

0 

t2 

.01 

315 

13300 

.65 

.95 

32 

t2 

.01 

500 

15800 

.60 

.96 

38 

2,4  ACCURACY  REQUIREMENTS  tX^R  HORIZONTAL  MANEUVERING 
2.4.1  Results  of  SCI  Study 

For  this  task,  the  requirements  for  bearing  measurement  accuracy  for  use  with  hori- 
zontal maneuvering  were  to  be  obtained  from  the  results  of  a study  being  performed  by 
Systems  Control,  Inc.  for  the  DOT  Transportation  System  Center.  Through  conversation 
with  Mr,  Gilbert  Gagne  at  TSC  and  Dr.  John  Sorenson  at  SCI,  the  results  have  been  re- 
ceived in  the  form  of  a few  pages  of  excerpts  from  the  draft  final  report.  Further  con- 
versations have  also  been  held  with  Mr.  J.  S.  Karmarkar  at  SCI.  The  conclusion  has 
been  reached  that  the  SCI  results  are  not  useful  for  this  program. 


The  portion  of  the  SCI  effort  applicable  to  this  area  Involved  a Monte  Carlo  simulation, 
each  encompassing  2,000  samples.  In  each  run,  all  of  the  conflict  aircraft  had  the  same 
relative  heading  and  speed  and  were  positioned  with  miss  distances  uniformly  distributed 
j_2,600  feet  from  the  test  aircraft.  A Turn  Right/Turn  Left  criterion  was  used,  and  al- 
thou^  not  defined  in  the  material  furnished,  is  somewhat  similar  to  a Tau  criterion  as 
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it  has  a rimge  vs.  miss  distance  shape.  A given  encounter  begins  in  a straight  flight 
path.  When  the  criterion  is  satisfied,  a standard  turn  is  made  bi  the  commanded  di- 
rection imd  continues  until  K 0.  Runs  were  made  with  9 different  relative  heading 
angles.  The  one  at  150  degrees  was  judged  by  SCI  to  be  representative  of  high  missed 
alarm  ;md  false  alarm  rates  and  was,  therefore,  used  in  more  detailed  sensitivity 
analyses . 

The  sensitivity  to  bearing  errors  was  explored  for  three  values  of  sigma;  2.5,  5.0,  and  7.5 
degrees.  The  results  are  given  in  Table  2-8.  Although  runs  were  not  made  for  sigmas 
less  than  2.5  degrees,  the  conclusion  could  be  reached  that  a = 2. 5 is  a suitable  require- 
ment because  its  performance  is  acceptable,  substantially  better  than  fora  =5.0.  How- 
ever, after  malyzing  the  method  used  to  develop  these  results^  it  was  concluded  that  they 
are  not  valid  and  cannot  be  used  to  set  the  requirement  for  bearing  measurement  accuracy 
for  an  airborne  collision  avoidance  system . 

The  reasons  for  this  conclusion  are: 

1.  The  analysis  assumed  that  the  target's  range  and  bearing  were  measured  and 
its  heading  and  speed  were  communicated.  The  target's  relative  position 
vector  is  measured  but  its  velocity  vector  is  communicated  and  there  are 
four  independent  parameters  subject  to  error.  In  the  practical  case,  the 
velocity  vector  is  not  communicated  but  must  be  derived  by  tracking  the 
range  and  bearing  measurements.  There  are,  therefore,  only  two  parameters 
involved  and  their  effect  is  determined  by  how  their  error  varies  over  a period 
of  time. 

2.  The  errors  were  taken  by  SCI  to  consist  only  of  a bias,  randomly  drawn  for 
each  aircraft  and  held  constant  throughout  the  encounter.  The  form  of  error 
characteristic  is  expected  in  practice  to  be  a random  bias  on  each  sample, 
changing  throughout  the  encounter.  Since  the  bias  was  not  allowed  to  change 
during  the  encounter,  the  runs  are  not  representative.  Furthermore,  the 
results  are  suspect  because  they  indicate  a sensitivity  to  the  value  of  the 
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bearing  measurement  bias  error  whereas  It  can  easily  be  shown  that  the 
measui'ement  of  miss  distance  Is  Independent  of  a constant  bias  error  In 
bearing  measurement.  For  a given  range  and  speed,  miss  distance  Is 
determined  by  the  difference  between  two  bearing  measurements  at  different 
times  imd  a constant  bias  will  drop  out. 

3.  hi  the  SCI  runs,  both  aircraft  are  equipped  and  both  maneuver.  Not  only  is 
this  not  representative  of  the  important  case  of  a fully  equipped  airliner 
maneuvering  against  a minimally  equipped  general  aviation  aircraft,  but 
it  illustrates  the  Invalidity  of  the  SCI  random  bias  ^p roach.  The  approach 
merely  tested  the  randomness  of  the  bias  on  all  four  parameters,  with  a high 
probability  that  the  values  given  to  one  aircraft  would  compensate  for  the 
values  given  to  the  other.  In  fact,  in  mtmy  of  the  encoimters,  a fairly  large 
percentage  of  aircraft  turned  in  the  wrong  direction  but  still  avoided  a near 
miss  because  the  other  errors  were  so  great. 

bCI  apparently  has  reduced  the  operation  of  a horizontal  maneuvering  system  to  the  de- 
tection of  penetration  of  a range  vs.  miss  distance  criterion  and  the  application  of  a step 
function  maneuver.  This  has  great  similarity  to  the  operation  of  the  miss  distance  dis- 
criminator used  in  conjunction  with  the  Tau  criterion,  described  in  Section  2.3.  . Because 
the  SCI  numerical  results  are  seen  to  be  unusable,  the  results  of  the  RCA  analysis  of 
Section  2.3  will  be  used  as  the  guide  to  bearing  measurement  accuracy  requirements. 


2.4.2  Erroneous  Horizontal  Maneuver  Effects 

This  section  considers  the  effect  of  bearing  measurement  error  in  causing  an  incorrect 
maneuver,  i.e. , a turn  in  the  wrong  direction. 

In  Figure  2-19,  suppose  that  the  true  miss  is  Mq  and  that,  therefore,  in  the  absence  of 
measurement  errors,  a turn  to  the  right  would  be  commanded,  so  as  to  increase  positive 
miss.  ii  the  miss  were  computed  as  being  negative,  a turn  to  the  left  would  be  commanded. 
This  erroneous  turn  would  be  deleterious  if  it  caused  the  relative  path  to  intersect  a 


-p 
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Figure  2-19. 
Erroneous  Turn 

Command 


Idgure  2-20. 
Left  Turn  Command 
Probability 
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"collision"  circle,  s:iy  of  radius  300  feet.  It  Is  to  Ije  emphasized  that,  In  and  of  Itself, 
a turn  In  the  "wrontt'  direction  Is  not  harmful  if  the  collision  circle  Is  avoided.  Ihe  ex- 
tent to  Vvhich  measurement  errors  can  cause  penetration  of  the  collision  circle  cannot  be 
e.xplored  without  specification  of  a maneuver  logic;  i.e. , turn  rate  and  time  of  execution 
of  the  turn,  as  well  as  a statement  as  to  whether  one  or  both  aircraft  maneuver,  ihese 
considerations  are  beyond  the  scope  of  the  present  study;  instead,  we  shall  discuss 
measurement  errors  in  terms  of  the  probability  of  an  erroneous  turn  command. 

If  it  is  assumed  that  a turn  to  the  left  is  commanded  If  the  computed  miss  lies  between 
0 :md  -M'p,  and  neglecting  bias  error,  then  (see  Hgure  2-20) 

PC-M-p  < M < 0)  = P[  -{Mp  + Mq)  < ik  - Uq<  Mq] 

= P[  Mq  < M - M(-  < Mp  + Me] . 

This  probability  is  dependent  on  miss  threshold.  If  the  concept  of  wrong  turn  is  extended 
to  include  "no  turn"  commanded,  then 

Prob.  (erroneous  command)  = Prob.  (turn  left,  or  no  turn  to  left)  + Prob.  (no 

turn  to  right) 

= P(-  ® < M - Me  < Me)  + P(Mp  < M - Me  < ” ) , 

Since  Mp  will  be  selected  so  that  Pmas  small,  the  second  term  will  be  small,  and  the 
total  probability  can  be  approximated  by  the  first  term  alone.  Independent  of  Mp.  Figure 
2-21  is  a plot  of  this  probability  vs,  cxj^.  Evidently  (and  therefore  cr(Aj3)  would  need  to 
be  quite  small  to  obtain  a small  probability. 

Suppose  aCT(Aj3)  = .8°  is  selected  as  proposed  in  Section  2.3.4.  From  f igure  2-22,  for 
the  rl  cardioid  and  Pinas  = .001,  a maximum  Mp  = 5100  feet  is  required  (corresponding 
to  Vj.  = 500  knots);  from  Hgure  2-3,  the  corresponding  djyj  is  1400  feet  and  this  gives 
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P(-  < M < 0)  = .2.  Similarly,  for  V^.  = 500  knots,  ^ cardlold, 

we  have  = 15800  feet,  = 6000  feet  and  P(-  «,  < ]VI  < 0)  = .43.  Analysis  of  the 
acceptability  of  these  probability  values  is  not  attempted  herein. 

2.5  SUMMARY  O F REQUIREMENTS 

The  results  of  the  analyses  in  Sections  2.2,  2.3,  and  2.4  set  accuracy  requirements  for 
each  of  the  functions  shown  on  the  first  three  lines  of  Table  2-9.  Prom  these,  the 
overall  accuracy  requirement  is  derived  and  shown  on  the  fourth  line. 

The  overall  requirement  is  based  on  the  need  for  a swept  bearing  accuracy  of  0. 8 degree 
which  was  derived  for  Tau  Warning  Reduction  and  extended  to  Horizontal  Maneuvering. 
To  meet  this  requirement,  the  relative  bearUig  measurement  must  have  an  accuracy  of 
0.8/y7,  or  0.56  degree,  because  two  such  measurements  are  used  to  make  the  swept 
bearing  measurement . 
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TABLE  2-9 


SECTION  3.0 


CONFIGURATION  ANALYSIS  (TASK  2) 


3.1  GENERAL 

This  subsection  provides  an  introduction  to  the  configuration  analysis  task  by  de- 
scribing the  overall  bearing  measurement  concept  and  trade-off  areas.  The  individual 
areas  of  antenna  signal  processing,  and  data  processing  are  discussed  in  subsequent 
subsections . 

Although  many  techniques  exist  for  measurement  of  relative  bearing  by  radio  direction 
finding  (OF)  from  airborne  platforms,  few  appear  applicable  to  the  SECANT  collision 
avoidance  system.  One  approach  for  this  purpose  was  originally  given  in  the  SECANT 
"Blue  Book"^^l  which  Includes  a brief  description  of  means  for  the  related  determinations 
of  swept  bearing  (i.e. , bearing  increment)  and  miss  distance.  It  is,  however,  desirable 
to  examine  alternative  promising  £q)proaches  with  the  objective  of  identifying  a preferred 
configuration  and  critical  performance  parameters  of  a DF  system. 

Because  a common  signal  structure  is  employed  in  the  SECANT  CAS  and  PWI  equip- 
ments, both  would  possess  essentially  similar  circuits  for  the  signal  processing  in- 
volved with  the  fimctlon  of  relative  bearing  measurement.  Significant  differences  arise, 
however,  mainly  in  the  degree  of  complexity  and  extent  of  hardware  implementation 
associated  with  the  antenna  arrays  and  the  bearing  data  processing  applicable  to  each 
facility.  Thus  a simple  antenna  array,  having  element  spacings  small  enough  to  avoid 
bearing  ambiguity,  would  suffice  for  the  low  accuracy  requirements  of  a PWI.  But 
analysis  indicates  that  an  additional,  co-located  antenna  array  of  larger  aperture  would 
be  mandatory  in  the  case  of  the  full  CAS,  in  order  to  attain  measurement  accuracies 
consistent  with  a reliable  determination  of  projected  miss  distance  from  relative  bearing 
increments.  Furthermore,  whereas  data  processing  of  a phase  comparison  for  target 

(1)  Refers  to  Reference  1. 
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sector  Identification  in  a PWI  is  minimal,  comparatively  sophisticated  digital  pro- 
cessing in  combination  with  short-term  data  storage  are  required  in  a full  CAS  pro- 
viding miss  distance  and  accurate  uearlng  measurements. 


In  pursuing  the  configuration  analysis,  the  various  anomalous  effects  inimical  to  accurate 

relative  bearing  measurement  were  listed  and  quantified.  Particular  consideration  was 

given  to  the  deleterious  influences  of  transient  response  and  nonlinearity  in  IF  circuits,  ! 

phase  delay  asymmetry  in  dual -channel  receivers,  local  multipath  (reflections  from  ! 

aircraft  surfaces  causing  "site"  errors),  noise  and  fruit  interferences,  and  aircraft  | 

attitude  variations  occurring  during  measurements  of  relative  bearing  and  swept  bearing.  ] 

Major  results  of  the  configuration  analysis  are: 

(a)  Selection  of  key  system  elements,  such  as  DF  antenna  structure,  receiver 
arirangement,  pulse  phase  comparator  type,  etc. 

(b)  Formulation  of  algorithms  for  improving  data  quality,  eliminating  bearing 
ambiguity,  compensating  aircraft  attitude  changes,  and  computing  projected 
miss  distance. 

(c)  Preparation  of  a performance  and  design  specification  (Appendix  F)  covering 
the  bearing  and  miss  distance  measuring  equipment  which  Interfaces  with  the 
DF  antenna  and  with  the  SECANT  correlator,  tracking,  and  data  processing 
system.  This  specification  expresses  selection  of  system  elements  made 
by  trade-offs  among  candidates  identified  in  (a). 

A basic  system  operating  concept  for  bearing  observations  and  projected  miss  distance 
determinations  by  a full  CAS  is  described  below.  Trade-off  areas  pertaining  to  adequate 
reduction  of  perturbing  effects  are  then  outlined  against  a background  of  appropriate  con- 
straints on  the  complexity  and  amount  of  additional  equipment  needed  to  implement  bearing 


measuremenl.  Subsequent  sections  detail  the  trade-offs,  interrelated  with  results 
of  various  configuration  analyses.  These  analyses  refer  to  antenna  array  options, 
signal  processing,  data  processing,  and  system  errors. 


3.1.1  General  Description  of  System  Concept 

3 . 1 . 1 . 1 Dominant  Concept  Constraints 

.\dapting  a relative  bearing  measurement  capability  to  the  Interrogator/transponder 
signal  structure  of  SECANT  restricts  the  associated  techniques  to  those  available  in 
pulsed  radio  direction  finding,  and  precludes  exotic  techniques  such  as  synthetic 
aperture  processing,  inverse  TACAN,  rotational  doppler,  microwave  WuUenweber, 
etc. , even  though  they  may  possess  the  potential  for  superior  DF  performance. 
I•^lrthermore,  directional  antennas  would  require  prohibitively  large  £q>ertures  at 
L-band  to  be  consistent  with  the  angular  resolution  needed.  Consequently,  fixed 
omni-directional  structures  having  modest  dimensions,  acceptable  for  emplacement 
on  aircraft,  must  be  used  in  conjunction  with  suitable  signal  and  data  processing  to 
achieve  desired  relative  bearing  measurement  accuracies.  These  antenna  structures, 
typified  by  the  crossed-axis  interferometer^  originally  proposed  for  SECANT,  and 
by  multi-mode  ring  arrays^^\  provide  information  on  the  dlrectlon-of-arrlval  in  terms 
of  the  phase  displacement  between  signals  received  at  the  antenna  ports. 

Matched  dual-channel  receivers  are  needed  to  preserve  these  phase  relationships 
during  signal  amplification.  A time  shared, sin^e-channel  system, employing  phase 
lock  techniques,  would  be  preferable  for  freedom  from  circuit  phase  variations  and  for 
equipment  economy,  but  is  not  admissible  because  phase  coherence  does  not  exist  be- 
tween the  carrier  waves  of  pulses  in  the  SECANT  pulse  sequence.  In  order  to  achieve 
desired  performance  levels  while  handling  the  bearing  data  for  up  to  32  targets  per 
altitude  layer  (as  are  detectable  in  the  correlator  bins),  heavy  dependence  must  be 
placed  on  a capability  for  digital  data  processing  and  storage  in  the  full  CAS.  I'urther 
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j^eueral  constraints  are  that  equipment  concepts  to  Implement  bearing  measurement 
shall  be  compatible  with  form  factors  envisioned  for  production  versions  of  SECANT 
hardware,  and  shall  be  cost  effective  from  an  overall  system  viewpoint. 

3.1. 1.2  Basic  System  Concept 

The  above  mentioned  constraints  and  the  motivation  to  minimize  additional  equipment  in 

SECANT  lead  to  the  basic  system  block  diagram  of  Figure  3~1  for  a full  CAS.  It  shows 

the  essential  elements  (solid-line  blocks,  no's.  1 to  6)  of  an  electrically  symmetrical 

dual -channel  receiver,  for  relative  bearing  measurement  by  processing  the  reply  slg- 
— 

nals  (P  , P , Q , Q ) Impinging  on  the  antenna  (block  no.  1)  In  one  field.  A corres- 
ponding receiver  (not  shown  In  Figure  3-1  but  Included  In  a more  detailed  diagram 
Figure  F-1  of  Appendix  F)  comprising  antenna,  dual  RF  front  ends  and  IF  circuits, 
would  be  incorporated  to  serve  the  other  field,  with  ^proprlate  gating  to  share  the 
common  bearing  measurement  facility  (block  no's.  4,  5 and  6).  Interfaces  are  indi- 
cated with  units  (block  no's.  7 to  10)  performing  all  other  functions  of  the  CAS  including 
those  in  the  present  VECAS. 

A dual-channel  siperheterodyne  receiver  is  virtually  mandatory  because  precise  phase 
measurement  Is  difficult  at  microwave  frequencies  but  Is  practical  at  lower  frequencies. 
In  this  type  of  receiver  in  which  common  local  oscillators  are  employed  in  conjunction 
with  electrically  symmetrical  channels,  the  phase  displacement  between  the  Input  RF 
signals  is  preserved  between  the  resulting  output  IF  signals.  Components  represented 
by  the  upper  channel  consisting  of  an  RF  front  end  and  IF  circuits,  and  by  block  no's.  7, 
8 and  9 (shown  In  dashed  line  at  the  top  of  the  diagram)  perform  the  requisite  signal  and 
data  processing  fimctions  of  a VECAS.  This  channel  is  served  by  a monopole  antenna 
which  would  exist  as  either  one  antenna  element  of  the  Interferometer  or  the  center 
element  associated  with  the  ring  array,  whichever  is  utilized. 
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A control  connection  is  shown  between  the  CAS  data  processor  (block  no.  9)  and  the 
antennas,  primarily  for  the  purpose  of  switching  between  the  wide  and  narrow  aperture 
arrays  which  are  required  to  improve  resolution  of  relative  bearing  measurement  and 
to  ellmbiate  bearbig  ambiguity,  respectively.  If  crossed-axie  Interferometer  arrays 
were  employed,  an  additional  switching  operation  would  be  needed  to  time  share  the 
dual-channel  receiver  between  the  outputs  from  the  three  ports  associated  with  each 
array.  Time  sharing  could  be  avoided  by  including  a third  receiver  channel,  but  the 
Increased  system  cost  and  complexity,  and  reduced  reliability  Incurred  thereby  would 
have  to  be  traded  off  against  the  shorter  processing  time  and  simplified  RF  switching. 


Subsidiary'  antenna  switching  functions  may  be  necessary  in  a full  CAS  to  permit  neutral- 
ization of  undesirable  phase  Imbalance  between  the  two  channels.  (As  discussed  later, 
such  Imbalance  could  seriously  degrade  the  accuracy  of  relative  bearing  and  swept 
bearing  observations  when  Interferometer  arrays  are  used.)  Changes  In  the  scaling 
of  relative  bear! rg  measurements,  and  the  application  of  bearing  ambiguity  resolution 
logic  must  accompany  the  altematlve  selection  of  narrow  and  wide  ^erture  arrays. 
Application  of  these  functions  is  represented  by  an  extension  of  the  antenna  switching 
control  to  the  relative  bearing  data  processor,  block  no.  5. 

Reference  and  signal  pulses  from  broadband  IF  amplifiers  are  applied  to  inputs  of  phase 
detection  and  measurement  circuits  in  block  no.  4,  via  transmission  gates  which  are  en- 
abled by  various  control  signals  Including  those  from  the  range  trackers  In  block  no.  8. 
The  purpose  of  multiple  gating  is  to  minimize  bearing  measurement  errors  as  a result 
of  three  processes.  In  the  first,  pulses  are  not  admitted  to  the  phase  detector  until  the 
initial  transients  of  the  IF  bandpass  filters  have  decayed  sufficiently  to  permit  reliable 
phase  measurements  between  the  two  channels . The  object  of  the  second  process  is  to 
prevent  bearing  measurements  from  being  made  on  signals  other  than  from  a particular 
target  of  Interest  selected  by  range,  although  Infrequent  Interference  from  undesired 
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co-raiif^e  targets  is  mmvoidable  thereby.  The  third  iiihibiting  process  is  to  minimize 
biterference  by  fi-uit  and  noise  pulses  which  coincide  with  reply  pulses,  and  false  re- 
sponses when  reply  pulses  are  missing.  This  function  is  illustrated  by  the  extension 
of  the  gate  control  line  shown  from  block  no.  4 to  no.  9 wherein  the  message  data  cir- 
cuits provide  signals  badicating  the  presence  of  fruit  or  noise  pulses,  and  the  absence 
of  reply  pulses  due  to  blocking. 

(4) 

Several  severe  constraints  drastically  reduce  the  number  of  candidate  methods  of 
phase  detection  and  measurement  in  block  no.  4.  Significant  constraints  are  the  pulsed, 
noncoherent  signal  structure  of  SECANT;  the  short  duration  of  measurement;  and  the 
variability  of  signal  level, especially  at  longer  ranges  where  hard  limiting  action  at  IF 
is  no  longer  available.  These  constraints  and  other  considerations  discussed  later, 
narrow  the  selection  to  the  two  phase  comparison  methods  shown  in  figure  3-2 . They 
are  well  known  zero  crossing  techniques  which  can  be  Implemented  with  either  analog 
or  digital  outputs,  and  the  quadrature  scheme.  Both  methods  were  analyzed  in  (5)  with 
respect  to  white  noise  interference  and  were  found  to  be  superior  to  other  methods  by  virtue 
of  relative  immunity  to  noise  induced  bias  error. 

Inter-channel  phase  difference  measurements  made  in  block  no.  4 are  translated  into 
bearing  observations  relative  to  the  antenna  plane  by  the  data  processing  block  no.  5 in 
Appendix  1.  A range  measurement  performed  in  blocks  8 and  9 on  a reply  pulse  is 
accompanied  by  a phase  difference  measurement  in  block  no.  4.  A convenient  procedure 
is  to  obtain  phase  measurement  data  using  the  wide  aperture  antenna  from  one  sequence 
of  62  ranging  pulses  received  during  a tracking  cycle  (Figure  3-3)  and  the  narrow  aperture 
antenna  from  pulses  in  the  other  62  pulse  sequence  of  the  cycle.  In  all  conflict  encounters 
of  interest, the  bearing  change  that  could  develop  over  the  0.25  second  Interval  separating 
the  two  sequences  would  be  too  small  to  Impair  resolution  of  ambiguity  in  relative  bearing 
measurements  made  with  the  wide  aperture  antenna. 


ngure  3-3.  PULSE  SEQUENCES  USED  DURING  VECAS  TRACK 
(underlinec’  numbers  are  the  quantity  of  pulses  in  each  sequence) 


Smoothing  of  phase  difference  measurements.  In  combination  with  statistical  rejection 
of  wild  bearing  data  produced  by  residual  fruit  a..d  noise  pulses,  are  functions  also  per~ 
formed  In  block  no.  5.  These  functions  are  vital  to  successful  operation  of  the  bearing 
subsystem  because  they  fully  exploit  the  intrinsic  SECANT  Integration  feature  which 
combats  accuracy  degradation  by  random  perturbations  as  the  result  of  averaging  a 
large  quantity  of  data  points  to  provide  a desired  measurement. 

Estimates  of  horizontal  relative  bearing  and  of  projected  miss  distance  M are  computed 
in  block  no.  6 by  utilizing  algorithms  contained  In  Section  3.4.2.  The  requisite  Inputs 
to  block  no.  6 comprise  the  observed  bearings  0 furnished  by  block  no.  5;  and  target  range 
R :md  altitude  difference  Ah  data  from  block  no.  9.  A further  Input  to  the  miss  distance 
processor  is  from  block  no.  lO  representing  an  aircraft  attitude  sensor  which  would  be 
either  an  Inertial  platform  or  a gj  roscopls  reference  (6)  such  as  normally  supplies  roll, 
pitch  and  heading  data  to  cockpit  displays  and  to  the  autopilot.  Attitude  data  Is  sampled 
and  utilized  in  the  miss  distance  processor  at  a time  corresponding  to  the  mid  point 
of  the  pulse  sequence  from  which  phase  measurements  are  made  In  conjunction  with 

the  wide  aperture  antenna. 

Data  processing  of  target  returns  In  VECAS  includes  computation  of  range  and  range 
rate,  decoding  of  messages,  and  application  of  ANTC-117  threat  logic  In  combination 
with  digitized  data  from  an  on-board  altimeter.  Block  no.  9 retains  these  functions, 
but  utilizes  the  horizontal  relative  bearing  and  miss  distance  data  from  block  no.  6. 
Additional  logic  could  be  Incorporated  to  command  horizontal  maneuvers,  and  to  suppress 
unnecessary  ANTC-U7  warnings  or  vertical  maneuver  Instructions  when  the  computed 
miss  distance  Is  greater  than  a safe  threshold  value . 

3.1.2  Summary  of  Trade-Offs 

3. 1.2.1  Trade-Off  Approach 

The  system  concept  outlined  above  was  formulated  to  provide  relative  bearing  measure- 
ment and  be  compatible  with  the  existing  SECANT  CAS  while  minimizing  cost,  size  and 
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weight  penalties . In  view  of  this  overall  constraint  and  of  the  state-of-the-art  In 
direction  finding,  the  major  options  are  limited  to  alternative  configurations  for  DF 
antemia  arrays  and  for  phase  comparators.  However,  at  the  level  of  the  Internal 
configurations  of  block  no's.  2,3,4  and  5 in  figure  3-1,  subsidiary  design  options 
are  to  be  found  which  reflect  strongly  on  the  anticipated  performance  of  the  bearing 
measurement  facility.  Parametric  comparisons  and  choices  involving  trade-offs 
among  all  known  critical  options  are  necessary  to  achieve  the  desired  performance 
characteristics.  .A.  preamble  to  these  analyses  involves  the  recognition  of  all  sig- 
nificant error  sources  and  of  candidate  methods  to  suitably  control  the  errors.  These 
topics  are  discussed  in  the  next  section. 

As  is  typical  of  system  design,  an  expedient  that  alleviates  an  error  of  one  t>pe  may 
exacerbate  or  introduce  other  types.  In  some  Instances,  the  cost  or  complexity  of 
the  expedients  may  be  prohibitive.  Otherwise,  they  might  raise  objections  In  respect 
to  size,  weight,  installation  and  maintenance  factors;  the  tolerable  extent  of  which  will 
depend  on  the  effectiveness  of  the  solution.  Clearly,  comprehensive  system  optimization 
must  Include  trade-offs  of  factors  other  than  those  which  pertain  solely  to  system  per- 
formance. A detailed  study  of  such  trade-offs  is  beyond  the  scope  of  the  present  program. 
Nevertheless,  engineering  judgement  was  exercised  in  rejecting  any  option  which,  while 
beneficial  from  a performance  viewpoint,  would  be  obviously  self  defeating  In  the  context 
of  overall  system  effectiveness. 

3, 1.2.2  Identification  of  Errors  and  Error  Control  Methods 

Several  sources  of  error  must  be  assessed  when  designing  equipment  to  determine  the 
relative  bearing  and  bearing  changes  of  an  L-band  emitter  by  measuring  the  directlon- 
of-arrival  of  signals  received  from  that  emitter.  Table  3-1  lists  pertinent  error  sources 
while  also  presenting  comments  on  their  salient  characteristics  and  on  such  means  for 
reducing  the  error  effects  as  appear  possible  in  th^  present  application.  Very  approx- 
imate estimates  of  error  magnitudes  are  Included  for  preliminary  assessment  of  their 
relative  significance. 
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TABLE  3-i.  identification  of  bearing  measurement  errors 


— 

BEARING  ERROR 
CONTRIBUTOR 

UNCONTROLLED^  BEARING 

ERROR  MAGNITUDE 
(PRELIM  EST.-DEGS) 

BEARING  ERROR  CAUSES 
& CHARACTERISTICS 

POSSIBLE  MEANS  FOR 
CONTROLLING  ERROR 

Propagation 

Fixed  bias : 0.1 

Random^;  0.005  (lo) 

Refractivity  changes  in 
troposphere.  Fixed  bias 
does  not  affect  swept 
bearing  accuracy. 

No  compensation  needed, 
errors  are  negligible. 

’■.ocal  multi- 
ath  ("site" 
errors ) . 

Unpredict,  bias: 

+ 1.5  max. 

Variable  bias  fluctuates 
as  function  of  bearing. 

Due  to  reflections  from 
aircraft  surfaces. 

Increase  array  aperture. 
Exploit  SECANT  frequency  \ 

diversity. 

1 

i 

Co- range  target 
interference. 

Catastrophic  errors. 

Rare  occurrence.  Resol- 
ution for  bearing  fails 
before  that  of  range 
with  edge  trackers. 

Attempt  new  meast.  in 
next  round.  Use  ring  array j 
antenna  to  transmit  inter-  | 
rogations  directionally. 

Spontaneous 
attitude  vari- 
ations of  air- 
craft measur- 
ing bearing. 

Random:  1 to  2 (lo) 
in  yaw;  depending  on 
size  of  aircraft. 

Atmospheric  turbulence. 
Error  is  stated  for 
medium  turbulence  con- 
ditions . 

Interface  bearing  computer 
with  attitude  sensing  gyros 
or  inertial  platform,  to 
compensate  for  effect. 

Fruit  . 
interference 

Random:  2 (lo)  max. 

Fruit  distributed  over 

360®  in  azimuth  in  den- 
sest region  of  FAA  1982 

LA  Basin  traffic  model 

Implement  rejection  logic 
for  "wild"  bearings  with 
objective  of  reducing 
error  to  £ 0.2®  (Ic) 

Mutual  coupling 
between  inter- 
ferometer mono- 
poles . 

Known  bias:  4 max.  ^ 

Applies  to  interferom- 
eter. Error  is  a per- 
iodic function  of 
bearing. 

Increasing  aperture  to  4 
wavelengths  reduces  error 
to  0.04  degs . max. 

Ring  array 
non-linearity 

Known  varying  bias; 

+ 2 max. ^ with 

H=1  mode. 

Due  to  finite  number  of 
inonopoles.  Error  is 
periodic  vs.  bearing. 

Increase  mode  order.  Use 
monopole  couplets.  Apply 
theoretical  corrections. 

Thermal  noise. 

4 

Random;  0 . 5/n  (lo) 

Based  on  SNR  of  12dB 
^md  average  of  62  pulses. 
Error  proportional  to 
range. 

Locate  RF  front  end  at 
antenna.  Reduce  recvr. 
noise  figure.  Pulse 
integration. 

Phase  compar- 
ator reso- 
lution. 

Random:  0.6/n  (lo)  for 

ring  array;  1/n  (lo) 
for  interferometer.  Both 
are  design  objectives. 

Max.  practical  resolution 
between  zero  crossings, 
or  errors  in  analog 
multipliers . 

Increase  mode  order  of 
ring  array  or  aperture 
of  interferometer. 

Pulse  excited 
transients . 

Random:  0.5/n  (lo) 

design  objective. 

Phase  perturbations 
during  transient  states 
of  IF  filters. 

Df lay  phase  measurements 
u 1 transients  have 

decayed.  Use  linear 
phase  filters. 

IF  amplifier 
saturation. 

Variable  bias:  + 0.5/n 
max.  design  objective. 

Errors  occur  at  short 
rzmges  where  hard 
limiting  exists. 

Equalize  limiter  charac- 
teristics in  both  channels. 
Reduce  mid-band  2nd  IF. 

Phase  unbal- 
ance between 
lual  receiver 
channels . 

Fixed  bias:  + 2/n  max. 
Rzmdom:  o.a/n  (1<J) 

Both  are  design 
objectives. 

Drifts  in  receiver  para- 
meters. Frequency  hop- 
ping introduces  random 
error. 

Locate  RF  front  end  at 
antenna.  Increase  antenna 
aperture.  Transpose 
channels . 

Quanti zation 
noise. 

Random:  0.1/n  (lo) 
design  objective. 

Based  on  use  of  11-bit 
word  in  processing  data 
associated  with  ring 
array  outputs. 

Use  longer  word.  However, 
non-linear  characteristic 
of  interferometer  would 
offset  this  remedy. 

L. 


1. 

2. 

3. 

4. 


Except  where  error  is  designated  a design  objective. 

All  random  error  estimates  given  in  table  are  after  integration  of  data  from  62  pulses. 
Depending  on  choice  of  antenna  type,  only  one  of  these  errors  apply. 

n - angle  conversion  factor  or  mean  rate  of  change  of  array  output  angle  with  respect 
to  angle  of  arrival  (corresponds  to  H=n  for  ring  arrays). 


.A 
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Table  3-1  comprises  essentially  three  groups  of  errors  viz,;  errors  arising  due  to 
exterior  or  environmental  Influences  (first  four  items),  interface  errors  associated 
with  the  antenna  structure,  and  interior  errors  (last  seven  items)  caused  by  limitations 
of  signal  and  data  processing  within  the  receiving  equipment.  The  last  group  is  amen- 
able to  diminution  by  employing  an  antenna  array  whose  angle  conversion  factor,  as 
defined  In  Note  4 of  Table  3-1,  exceeds  unity.  An  appreciation  of  the  trade-offs  In- 
volved in  controlling  all  errors  except  the  first  and  last  in  the  Table  will  be  gained 
from  a later  discussion  (Section  3.3)  of  the  errors  and  possible  means  for  alleviating 
them . 

It  Is  necessary  to  distinguish  between  three  categories  of  error  that  arise  in  relative 
bearing  measurement.  They  are  errors  definable  as  random  variables  (i.e. , noise- 
like  errors),  constant  bias  errors,  and  bias  errors  that  vary  as  a function  of  relative 
bearing.  The  latter  category  may  be  subdivided  into  systematic  errors  whose  functional 
relationships  are  known,  and  therefore  could  be  calibrated  out;  and  into  bias  errors  which 
are  unpredictable  in  the  sense  that  analytical  or  experimental  evaluations  of  their  actual 
magnitudes  caimot  be  obtained  with  sufficient  confidence  to  permit  corrective  actions. 
Only  constant  bias  errors  are  completel}'  nullified  when  computing  a swept  bearing 
observation  from  the  difference  of  two  relative  bearing  measurements,  in  order  to 
obtain  the  projected  miss  distance . 

3,2  ANTENNA  CONFIGURATION  ANALYSIS  (TASK  2 . 1) 

3.2.1  Summary  and  Conclusions 

The  objective  of  this  task  was  to  select  an  antenna  configuration  for  construction  and 
test.  The  selection  was  made  among  several  possible  candidates  and  based  on  a trade- 
off analysis  to  identify  the  type  most  likely  to  succeed.  To  qualify  as  a candidate  the 
antenna  type  had  to  be  characterized  by  small  size,  no  moving  parts,  and  suitability  for 
installation  on  the  upper  or  lower  surface  of  an  aircraft  for  the  purpose  of  determining 
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the  relative  bearing'  of  a transmitting  aircraft  over  substantial  elevation  angles  relative 
to  the  horizontal  plane. 

A short  analysis  is  first  given  in  Section  3.2.2  of  an  earlier  directing  finding  concept, 
the  interferometer  array.  Next,  in  Section  3.2.3  the  present  concept  of  ring  modes  is 
discussed  and  element  types  are  considered.  Trade-offs  are  conducted  on  the  number 
of  elements,  feed  geometry,  and  radiation  characteristics  of  dual -mode  arrays.  Printed 
circuit  designs  are  studied  for  this  system.  A method  of  improving  the  azimuth  bearing 
accuracy  by  increasing  the  number  of  elements  is  described.  Higher  order  modes  are 
then  discussed  and  a fourth  order  ring  mode  is  described.  A short  discussion  is  giv^en 
on  the  effect  of  a finite  ground  plane  on  the  radiation  characteristics. 

The  analysis  of  the  two-element  interferometer  array  shows  that  the  mutual  coupling 
between  the  two  antennas,  spaced  one-half  wavelength  apart,  produces  a maximum  azimuth 
Ijearlng  error  of  almost  14° . This  error  can  be  reduced,  however,  by  increasing  the  ele- 
ment spacing.  It  becomes  negligible  in  the  3-element,  crossed  axis  interferometer  with 
elements  spaced  at  four  wavelengths . 

The  study  of  the  ring  mode  concept  has  demonstrated  that  the  four  element  ring  array 
is  adequate  for  generating  the  two  lower  order  modes  of  radiation  and  can  produce  the 
desired  characteristics . A comparison  of  the  received  phases  on  this  two  mode  anteima 
gives  the  azimuth  bearing  without  ambiguity.  The  maximum  bearing  error  for  a practical 
array  geometiry  is  about  2.3°. 

An  Important  system  consideration  is  accurate  determination  of  Incremental  changes  in 
the  bearing  angle.  By  the  use  of  a higher  order  mode,  much  greater  accuracy  is  theo- 
retically obtainable  since  the  phase  change  throughout  360°  is  H x 360,  where  H is  the 
mode  number.  A choice  of  the  fourth  order  mode  is  an  optimum  compromise  between 
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increased  accuracy  and  limitations  on  array  size  and  circuit  complexity.  In  actual 
practice,  after  obtaining  the  bearing  direction  from  the  comparison  of  the  first  and 
second  order  mode  phases,  the  phases  of  the  H = 0 and  H = 4 mode  antennas  are  com- 
pared. In  this  case,  the  phase  difference  is  then  four  times  the  bearing  direction. 


Although  the  azimuth  bearing  accuracy  of  the  H = 1 mode  can  be  Improved  by  using  a 
nine  element  array  (a  single  monopole  for  the  H = 0 mode  and  eight  monopoles  in  the 
H ^ 1 ring)  this  is  not  considered  necessary  since  the  use  of  the  H = 4 mode  gives 
much  greater  .iccuracy.  It  was,  therefore,  decided  that  the  antenna  selected  for 
construction  lie  a 3 mode  (H  = 0,  11  = 1,  H = 4)  antenna  containing  21  mon(q)oles. 


i 


3.2.2  Analysis  of  Interferometer  Array 

Consideration  is  first  given  to  the  azimuth  bearing  accuracy  of  the  interferometer 

array  of  monopoles  over  an  infinite  ground  plane.  The  analysis  is  given  initially  for  j 

I 

only  the  simplest  type  consisting  of  only  two  elements.  The  spacing  between  the  elements  i 

has  been  chosen  as  one-half  wavelength  for  this  particular  example . An  analysis  of  the  | 

crossed-axis  interferometer  with  various  element  spaclngs  is  given  in  Appendix  G.  | 

I 

The  array  geom.etry  and  coordinate  system  is  shown  in  Figure  3-4a.  A wave  arriving  ^ 

from  an  azimuth  direction,  0,  will  induce  equal  amplitude  voltages  in  the  two  elements.  | 

These  voltages  are  leading  and  lagging,  respectively,  in  phase  by  the  same  value  relative  j 

to  the  array  center  (Figure  3-4b).  Hence,  the  two  voltages  may  be  considered  as  the  | 

vector  sum  of  in-phase  components  and  out-of-phase  components;  the  latter  are  in  1 

quadrature  with  the  former.  | 

Using  the  equivalent  circuits  pictured  in  Figure  3-4c,  the  received  currents  (I^^  and  | 

I^  ) may  be  found  for  each  of  the  two  voltage  components.  These  currents  may  then  f 

be  added  vectorlly  to  give  the  actual  received  currents,  1^  and  I^.  Calculations  are  I 

supplied  in  Hgure  3-5.  | 
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Figure  3-4.  Analysis  of  Two-Element  Interferometer  Arra> 
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Figure  3-5.  Analysis  of  Two-Element  Interferometer  Array  (Continued) 
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[ The  phases  of  the  received  currents  are  plotted  versus  the  azimuth  angle,  0,  in 

I I'igure  a-6  as  the  solid  curves.  Also  plotted  for  comparison  are  the  phases  assuming 

( no  mutual  coupling.  Data  is  given  only  over  the  0 range  of  0*  to  90®  since  the  curves 

repeat  in  each  quadrant. 

The  azimuth  error  for  the  actual  case  is  plotted  in  Hgure  3-7  and  is  seen  to  reach  a 

I 

maximum  value  of  13,8°  at  0 = 60°.  The  magnitude  variations  as  a function  of  0 are 
given  in  I'igure  3-8  for  the  two  cases. 

It  appears  that  the  azimuth  bearing  error  is  excessive  for  the  proposed  system . A 

greater  element  spacing  would  have  less  error  since  the  mutual  Impedance  diminishes  , 

with  distance.  Also,  the  crossed-axis  configuration  which  would  apply  to  the  present 

program,  results  in  much  lower  errors  (Appendix  G).  j 

Several  severe  drawbacks  concerning  the  utilization  of  airborne  interferometer  arrays 
were  realized  at  an  early  stage  in  the  bearing  measurement  study.  These  drawbacks, 
listed  in  Table  3-2,  are  not  suffered  by  the  omni-directional  ring  array  DF  antenna 
which  is  treated  in  the  following  sections.  The  data  processing  and  accuracy  advantages 
of  the  ring  array  are  so  significant  that  the  Interferometer  was  not  pursued  further, 
despite  its  constructional  simplicity. 

3.2.3  Analysis  of  Ring  Arrays 

The  remaining  portion  of  the  antenna  study  was  devoted  to  a preferred  alternative  sys- 
tem for  direction  finding  in  the  azimuth  plane.  This  approach  uses  antennas  to  generate 
decoupled,  omni-directional  patterns  that  differ  in  far-fleld  phase.  On  reception,  the 
measured  phase  difference  defines  the  azimuth  angle  of  the  Incoming  wave, 

3. 2. 3.1  Mode  Definition  and  Geometry 

In  this  study,  a mode  is  defined  as  radiation  that  is  omni-directional  in  the  plane  normal 
to  a reference  axis,  and  that  has  an  integral  number  (H)  of  cycles  of  phase  variation 
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Figure  3-8.  Analysis  of  Two  Element  Interferometer  Array  (Cont'd) 
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TABLE  3-2.  comparison  of  d.f.  antenna  arrays 


ARRAY  TYPE 


ADVANTAGES 


DISADVANTAGES 


Crossed-Axis  Inter- 


(Wide  aperture  array 
+ narrow  aperture 
array  for  quadreint 
ambiguity  resolution) . 


Low-cost  construction  — 
simple  mechanical  config- 
uration with  5 monopole 
elements,  including  those 
for  quadrant  ambiguity 
resolution . 


Elevation  angle  measur- 
ed) le  , but  with  poor 
accuracy  for  rays  near 
antenna  ground  plane 
(capeibility  not  required 
for  CAS  application). 


Each  array  has  three  ports 
thus  requiring  three  re- 
ceiver channels  or  R.F. 
switching  to  share  one 
channel  of  two- channel 
system. 


Excessively  complex  data 
processing  to  extract 
bearing  data  from  phase 
difference  measurements 
of  signals  outputted  from 
array  ports. 


Interchannel  phase  balance 
correction  is  necessary 
for  both  relative  bearing 
and  swept  bearing  measure- 
nvents . 


Tangent  relations! 
phase  and  DOA  inf 
ing  error  especia 
near  0“,  90°,  180 


Ring  Mode 


(IVo  concentric 
monopole  rings, 
H=1  and  H=4,  with 
central  reference 
element) . 


Each  array  has  two  ports 
thus  eliminating  need  for 
sv'itching  except  for  quad- 
remt  ambiguity  resolution. 


Phase  difference  is  propor- 
tional to  bearing,  permitting 
simple  data  processing  for 
bearing  determination,  and 
avoiding  error  inflation  due 
to  non-linearity. 


Slightly  higher  cost 
than  interferometer. 

Up  to  21  monopole 
elements  are  required 
with  associated  micro- 
strip delay  lines  and 
hybrid  junctions  all 
mounted  on  a single 
printed  circuit  board. 


Interchannel  phase  imbalance 
does  not  affect  accuracy  of 
swept  bearing  (hence  miss 
distcince)  measurement. 


r 


throughout  360°  In  the  normal  plane.  This  phase  variation  may  be  either  clockwise 
( tH)  or  counterclockwise  (-11).  The  mode  Identifying  integer  may  also  be  zero,  i.e. , 
the  radiation  may  be  constant  in  phase  in  all  directions. 

Such  modes  may  be  conceived  as  emanating  from  an  infinite  number  of  infinitesimal 
radiators  (Hertz  dipoles)  arranged  in  a very  small  circle  or  ring  coaxial  to  the  reference 
axis.  For  any  given  mode,  three  orthogonal  orientations  of  the  radiators  are  possible, 
namely,  axial,  tangential,  and  radial  (Figure  3-9).  The  radiation  geometry  can  be  1 

most  conveniently  expressed  in  the  usual  9,  0 spherical  coordinates  with  the  0 = 0°  I 

axis  assumed  to  be  vertical  and  normal  to  the  ring  array  lying  in  the  horizontal  plane. 

It  should  be  pointed  out  that  as  the  radius,  a,  approaches  zero,  such  a ring  becomes  a 
supergain  antenna  (for  any  H not  zero)  that  is  physically  unrealizable.  However,  these 
concepts  are  quite  useful  as  elementary  building  blocks  in  a theroetical  study;  first, 
because  they  illustrate  the  ultimate  limitations,  and  second,  because  a number  of 
practical  antenna  configurations  have  radiation  characteristics  that  closely  approximate 
these  idealized  patterns.  A more  detailed  study  of  these  ring  modes  is  <^ven  in  (7). 

3. 2. 3, 2 Element  Types 

It  has  been  shown  (8)  that  only  modes  H = of  the  tangential  and  radial  typevf  can 
radiate  in  the  direction  0 = 0°;  all  other  modes  have  a null  in  this  direction.  The  two 
modes  to  be  considered  first  in  this  present  concept  are  the  H = 0 and  H = 1 . Since 
the  H = 0 has  a null  at  6 = 0®,  then  It  is  desirable  that  the  H = 1 mode  also  has  a null 
at  0 = 0°  so  that  the  two  modes  have  approximately  the  same  gains  and  relative  pattern 
shapes.  This  means  that  only  the  axial  type  of  radiator  geometry  can  be  used  for  both 
desired  modes.  Thus,  slot  and  loop  radiators  are  eliminated,  and  only  vertical  mono- 
poles can  be  used. 

Another  reason  for  this  choice  is  that  only  the  axial  type  Is  linearly  polarized  (vertical) 
in  all  directions;  the  tangential  and  radial  types  for  the  H = 1 mode  radiate  both  hori- 
zontal and  vertical  components  of  polarization.  A specification  of  the  system  is  that 
the  polarization  be  linear. 
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Hgure  3-9. 

GEOMETRY  OF  RING  ELEMENTS 


. 2 . 3 . 3 Trade-offs  Itetween  Numljer  of  Elements  and  Feed  Circuitry; 

3-Element  — H = I 

All  of  the  radiation  characteristics  for  the  various  arrangements  are  calculated  for 
monopoles  over  a perfect,  infinite  ground  plane.  Consideration  is  given  later  as  to  the 
effect  on  the  patterns  of  finite  ground  planes . 

Eirst  to  be  studied  is  a 3-element  array  of  monopoles  arranged  in  an  equilateral  tri- 
angle! figure  3-lOa).  This  is  the  minimum  number  that  can  product  the  H = 1 mode. 
The  elements  are  located  on  a circle  of  radius,  a,  and  fed  in  progressive  phasing  with 
equal  amplitudes,  in  this  and  the  following  sections,  the  arrays  are  assumed  to  be 
used  as  transmitting  antennas  for  ease  In  evaluation.  The  end  results  of  course  apply 
to  the  receiving  case  by  reciprocity. 


One  method  of  feeding  the  elements  is  shown  In  Figure  3-lOb,  where  the  antennas  are 
fed  from  a common  junction  by  three  coaxial  cables  which  differ  In  length  by  l/3  wave- 
length steps;  thus,  the  antennas,  if  matched,  are  excited  with  equal  amplitudes  and 
relative  phases  of  0“,  120*  and  240*.  Each  antenna  sees  adjacent  antennas  differing 
in  phase  by  either +120".  Therefore,  by  symmetry,  the  radiation  Impedance  of  all 
three  anteimas  are  identical  for  this  particular  phasing*. 

Now,  if  the  three  unit  radiators  are  not  perfectly  matched,  equal  amplitude  waves  of 
magnitude  K (relative  reflection  coefficient  magnitude)  will  be  reflected  back  toward 
the  input  port.  These  waves,  having  traveled  twice  over  the  three  unequal  length  feed 
lines,  will  arrive  at  the  input  port  with  equal  amplitudes  In  a 3-phase  relation  having 
the  opposite  sense  of  phase  progression. 


ORIGINAL  PHASING 


x2 


0" 

120* 

240" 


0* 

240* 

480*  = 120* 


♦This  equality  of  radiation  impedances  also  occurs  for  equal  phase  excitation. 
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This  results  In  a voltage  null  at  the  input  port;  hence,  no  reflected  wave  travels  toward 
the  generator. 

Next,  because  of  this  null  or  effective  short  circuit  at  the  Input  junction,  the  three  waves 
return  to  the  three  radiators.  For  this  case,  each  equal  amplitude  wave  component  has 
traveled  three  times  over  the  three  separate  feed  cables. 

x3 
0° 

360“  = 0“ 

720“  = 0“ 

Thus,  it  is  seen  that  the  radiation  of  these  re-’^flected  waves  constitute  a H = 0 mode 
azimuthal  pattern.  This  effective  cross-coupling  between  the  two  modes  is  undeslred 
in  the  proposed  system  operation. 


ORIGINAL  PHASING 
0“ 

120“ 

240“ 


The  circuitry  of  figure  3- lOc  illustrates  a means  of  absorbing  the  reflected  waves  from 
mismatched  antennas  using  a triangular  loop  of  three  resistors.  Main  waves  going  out 
from  the  input  port  arrive  at  the  comers,  c,  in-phase;  hence,  no  power  is  lost  in  the 
resistors.  However,  reflected  waves  return  to  the  comers  in  progressive  phasing, 
and  are  completely  absorbed  in  the  resistors. 

Next  to  be  discussed  are  means  to  operate  with  both  the  H = 0 and  H = 1 modes.  Circuitry 
such  as  shown  in  Figure  3-1  la  is  unsatisfactory  since  reflected  waves  from  mismatched 
antennas  end  up  In  the  H = 0 port.  The  arrangement  of  Figure  3- 11b  is  likewise  un- 
satisfactory; although  reflected  waves  are  absorbed  in  the  resistors  for  irput  at  the 
H = 1 port,  power  is  also  lost  in  the  resistors  when  a signal  is  iqjplied  at  the  H = 0 port. 

In  addition,  no  Improvement  is  gained  by  using  a sln^e  antenna  at  the  center  of  the  array 
for  the  H = 0 mode.  Thus  far  in  this  study  of  a triad  geometry  for  the  H = 1 mode,  no 
desirable  method  has  been  foimd  to  generate  both  modes  with  simple  printed  circuit 
elements . 
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This  Is  not  to  say,  however,  that  the  desired  modes  cannot  be  generated  by  other  means. 
For  example,  the  drawing  of  Figure  3-12  Illustrates  one  such  method.  A section  of  cir- 
cular waveguide  has  two  mode  exciters  at  one  end  and  three  monopole  radiators  coiqjled 
through  a shorting  plate  at  the  other  end.  Ii5)ut  from  the  rectangular  waveguide  excites 
a linearly  polarized,  dominant  (TE^)  mode  in  the  circular  waveguide.  Ridges  aligned 
at  45*  to  the  base  Input  convert  this  wave  to  a circularly  polarized  TE^j^  mode  which  in 
turn  excites  the  three  monopoles  In  progressive  phasing  (H  = 1 mode).  Input  at  the  base 
through  a coaxial  probe  excites  the  second  order  TMqj^  mode  In  the  circular  waveguide . 
The  purity  of  this  mode  is  unaffected  by  the  ridges  and  thus  the  three  radiators  are  fed 
In-phase  (H  = 0).  Mismatches  for  either  mode  do  not  cause  mode  cross-coupling.  In 
addition,  another  TE^  port,  orthogonal  to  the  one  shown,  may  be  added  at  the  base  of 
the  circular  waveguide  to  deliver  reflected  TE^  waves  to  an  absorbing  resistor.  How- 
ever, the  size  and  weight  of  such  an  approach  is  less  desirable  in  this  system  than  simple 
printed  circuitry.  It  Is,  therefore,  concluded  at  this  stage  that  the  triad  system  Is  in- 
adequate and  that  next  consideration  will  be  devoted  to  a 4-element  arrangement  for 
exciting  the  H = 1 mode . 

3.2. 3,4  4-Element  H = 1 Array 

The  4-element  array  (Figure  3-13a)  is  most  easily  excited  In  progressive  phasing  by 
two  baluns  and  a 90®  hybrid  (Figure  3-13b).  These  components  may  be  made  using 
printed  circuitry  as  shown  in  Figure  3-13c.  Although  the  balance  quality  of  this  type 
of  balim  is  frequency  dependent,  the  SECANT  band  is  jufflciently  small  that  no  serious 
problem  Is  presented.  A discussion  of  the  balun  frequency  characteristics  Is  Included 
In  Appendix  H, 

Referring  to  the  circuitry  of  Figure  3-i3c,  It  Is  to  be  noted  that  a mode  conversion 
problem  also  exists  for  unmatched  radiators.  A main  wave  from  point  "a"  excites  the 
antennas  In  phase  quadrature.  Reflected  waves  arrive  back  to  point  "a"  out-of-^hase 
since  one  has  traveled  the  extra  90*  line  section  twice.  This  gives  a virtual  short  circuit 


Figure  3-12.  3-Element  Array  — H »=  0 and  H •=  1 


at  point  "a"  and  the  waves  are  re-reflected  to  the  antennas  with  a phase  progression 
opposite  in  sense  relative  to  that  of  the  main  wave  excitation.  Hence,  a H = +1  mode 
is  partially  converted  to  a H = -1  mode  if  the  antennas  are  mismatched.  This  action 
would  impair  the  desired  phase  linearity  with  azimuth  angle.  However,  there  is  no 
mode  conversion  to  a central  element  for  the  H = 0 mode  since  diametrically  opposite 
radiators  of  the  H = 1 array  are  out-of-phase  and  have  a neutral  plane  of  zero  field 
midway  between  them . 

This  problem  may  be  solved  by  using  a "rat-race"  hybrid  between  the  H = 1 port  and 
the  radiators  as  shown  in  the  lower  part  of  Figure  3- 14b,  Any  reflected  waves  from 
the  antennas  are  now  absorbed  in  the  resistor  Joined  to  one  port  of  the  hybrid. 

Also  shown  in  the  upper  part  of  Figure  3-l4b  is  circuitry  for  exciting  the  four  elements 
in-phase  for  the  H = 0 mode  radiation.  The  added  hybrids  between  the  N-S  and  E-W 
elements  prevent  cross  coupling  between  the  two  input  ports.  Line  sections  M and  P 
may  be  chosen  for  optimum  impedance  matching  without  affecting  the  mode  purity  of 
either  the  two  modes. 

figure  3-15  shows  an  alternative  method  for  obtaining  both  modes;  here  a central 
element  la  added  for  the  H = 0 mode  radiation.  Thus,  the  circuitry  is  simplified  at 
the  expense  of  adding  a fifth  element . 

It  is  concluded  at  this  point  that  a 4-eletient  array  for  the  H = 1 mode  has  distinct 
advantages  over  the  3-element  systems  previously  described. 

3. 2. 3. 5 Chara<  sristics  of  4-Element  Array 

The  vector  diagram  of  Figure  3-16  illustrates  that  the  far-field  phase  for  the  H = 0 
mode  is  constant,  even  for  values  of  the  radii,  a,  that  produce  considerably  poor 
azimuth  circularity.  The  relative  field  pattern  at  0=  0®  is  given  as  the  addition  of 
two  couplet  patterns . 
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Figure  3-16.  4-Element  Array  - H = 0 
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The  couplet  patterns  for  the  H = 1 mode  (Figure  3-16a)  are  figure-eight  shapes  as  shown 
in  Figure  3-17.  As  depicted  by  the  vector  diagram  of  Figure  3-16b,  the  N-S  couplet 
pattern  is  always  in  phase  quadrature  relative  to  the  array  center.  Since  the  E-W  couplet 
is  fed  ir  phase  quadrature  relative  to  the  N-S  couplet,  then  its  couplet  pattern  is  always 
either  in-phase  or  out-of-phase  relative  to  the  array  center.  The  relative  field  pattern 
at  0 = 90*  is  also  given  as  the  vector  sum  of  the  two  coiqplet  patterns. 

Using  the  field  formula  of  Figure  3-16b,  the  azimuth  bearing  errors  were  calculated  at 
0 = 0“  and  the  data  plotted  in  Figure  3-18  versus  0.  It  is  seen  that  no  error  occurs  at 
ff  = 0*,  45“,  etc.,  and  that  the  maximum  error  occurs  at  0 = 22-1/2“ , 67-l/2“,  etc. 

The  maximum  values  are  plotted  in  Figure  3-19  versus  the  radii,  a/\.  Curves  are  also 
shown  for  0 angles  other  than  90"  to  Illustrate  the  decreased  error  at  smaller  values  of 
9.  This  reduction  takes  place  because  the  projected  element  spacing  Is  reduced  at  angles 
above  the  horizon  as  a cosine  fimction. 

Gain,  circularity,  and  impedance  data  presented  in  the  following  section  were  obtained 
from  an  earlier  study  at  RCA.  The  data  were  derived  using  the  mutual  Impedance  method 
of  calculating  gain  and  radiation  impedance . 

The  gain  relative  to  an  isotropic  source  for  four  elements  fed  in  phase  is  plotted  in  Figure 
3-20a  versus  a/X . Curves  are  given  for  0 angles  of  minimum  and  maximum  phase  error. 
The  azimuth  circularity  is  shown  in  Figure  3-20b  versus  a/X . Similar  data  for  the  H = 1 
mode  is  plotted  in  Figure  3-21 . It  is  seen  that  the  H = 1 mode  has  about  1 db  greater  gain 
for  values  of  around  l/8  wavelength  but  slightly  poorer  circularity. 

The  radiation  impedance  of  each  element  of  a four  element  array  for  the  H = 1 mode  is 
plotted  in  figure  3-22  versus  a/X.  It  is  seen  that  as  the  radius  decreases  the  Impedance 
decreases,  approaching  zero  as  a limit. 

The  above  data  were  calculated  from  theoretical  elements  of  very  small  diameter.  Ex- 
perimental measurements  performed  at  RCA  Laboratories  long  ago  are  given  in  Figure 
3-23  for  comparison.  In  this  example,  two  monopoles  of  relatively  thick  diameter  were 
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separated  0.3  X (or  a/X  = 0. 15)  and  fed  out-of-phase  (Figure  3-23a).  The  impedance 
of  each  of  the  two  radiators  is  plotted  in  Figure  3-23b  versus  frequency  change.  This 
plot  shows  the  Impedance  change  over  the  SECANT  band  of  frequencies.  In  addition,  it 
is  to  be  noted  that  the  measured  impedance  at  t/i^  = 1 is  considerably  different  than  the 
calculated  value  given  in  Figure  3-22  for  a/X  = 0. 16.  This  difference  is  attributed  to 
two  factors:  the  rapid  change  in  Impedance  with  large  diameter  changes,  and  the  strong 
Influence  on  the  impedance  associated  with  the  design  of  the  end  seal  mounting  arrangement 
of  the  monopole. 

It  is  believed  that  the  most  accurate  method  of  obtaining  Impedance  values  for  the  H = l 
mode  is  a simple  experimental  measurement  setup  as  shown  in  Figure  3-24 . Two  metal 
ground  planes,  each  large  in  terms  of  wavelengths,  intersect  at  right  angles . The  test 
monopole  is  mounted  parallel  to,  and  at  a distance,  a,  from  one  plane.  The  image  mono- 
pole spaced  a distance,  a,  behind  the  plane  makes  the  measured  impedance  of  the  fed 
monopole  be  identical  to  that  obtained  on  a setup  like  Figure  3-24. 

In  actual  practice,  the  hei^t.  A,  of  the  fed  monopole  is  adjusted  for  a pure  resistance  at 
the  coaxial  input  and  then  this  value  used  to  design  the  desired  feed  circuitry.  Since  the 
Impedance  of  a quarter-wave  monopole  for  the  H = 1 mode  is  Inductive  (as  shown  in  Fig- 
ures 3—22  and  3-23),  then  shortening  the  element  will  make  its  Impedance  a pure  resistance. 

3. 2. 3. 6 Printed  Circuit  Design  of  5-Element  Array  — H = Q and  H = 1 

The  full  size  drawing  of  Figure  3-25  is  the  printed  circuit  layout  of  the  circuitry  shown 
in  Figure  3-16  for  a 5-element  array  with  a ring  radius  of  1. 1 inches.  The  overall  dia- 
meter is  only  4-1/2  Inches  and  the  circuitry  is  less  complex  than  a 4-element  array  com- 
bining the  H = 0 and  H = 1 modes.  In  addition,  the  Impedance  of  the  four  ring  elements 
need  be  adjusted  for  an  optimum  match  only  for  the  H = 1 mode.  The  hei^t  of  the  added 
central  element  is  independently  adjusted  for  best  Impedance  match  at  the  H = 0 mode. 

However,  an  additional  problem  is  Introduced  tty  the  use  of  a 5-«lement  array  of  this 
type.  This  effect  was  first  encoimtered  and  solved  in  an  earlier  RCA  work  on  multi-mode 
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Figure  8*-24.  Experimental  Seti^)  for  H * 1 


Flgur*  3-26 
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ring  arrays'  . Althou^  the  two  liput  ports  are  completely  decoupled,  the  radiation 
pattern  for  the  H = 0 mode  Is  not  Independent  of  the  presence  of  the  outer  4-element 
ring. 

Consider  first  the  H = 1 pattern.  For  this  case,  the  central  element  lies  at  a zero 
potential  point,  hence  the  pattern  Is  not  affected  by  the  central  element.  However, 
the  converse  Is  not  true. 

Excitation  of  the  central  element  will  cause  In-phase  voltages  to  be  induced  In  the  four 
ring  elements.  No  power  Is  delivered  to  the  H = 1 port  since  the  ports  are  decoupled. 
Therefore,  these  elements,  now  functioning  as  parasitic  radiators,  will  reradlate  a 
H = 0 mode  pattern.  As  described  earlier,  this  pattern  has  no  azimuth  bearing  error, 
but  the  overall  effect  will  be  a greater  amplitude  distortion  of  the  H = 0 pattern  and  a 
possible  shift  In  the  azimuth  direction  at  which  the  phases  of  the  H = 0 and  H = 1 patterns 
are  the  same  (defined  as  the  zero  reference  an^e). 

This  parasitic  reradlation  phenomena  can  be  minimized  by  effectively  open  circuiting  the 
four  ling  elements  for  the  case  of  the  H = 0 mode  (^ration.  This  Is  done  by  making  the 
line  sections,  L,  of  Figure  3-15  be  one-quarter  wavelength.  Thus,  excitation  of  the 
central  element  puts  the  N-S  (and  E-W)  elements  In-phase,  point  b and  a voltage  null, 
and  the  liqjuts  of  the  four  ring  elements  are  open-clrculted.  For  this  open-circuit  con- 
dition, the  quarter-wave  monopole  element  Is  detuned  and  will  have  greatly  reduced 
parasitic  reradlation  as  compared  to  the  case  where  the  monopole  base  Is  short  circuited. 
The  printed  circuitry  of  Figure  3-25  Incorporates  this  feature. 

Some  discussion  Is  taken  iq)  here  as  to  the  shift  In  the  zero  reference  an^e  with  change 
of  operation  frequency , The  frequency  band  has  been  designated  from  1592.5  MHz  to 
1622.6  MHz.  This  corresponds  to  a frequency  change  of  ^.933%  from  the  center  band 
frequency,  of  1607.5  MHz. 
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Referring  now  to  tbe  circuitry  of  Figure  3-25,  the  line  length  from  the  H 0 port  to 
the  central  element  is  90* , and  the  length  from  the  H = 1 port  to  the  north  element  is 
480*  at  (the  line  segment,  M,  is  30*),  The  difference  between  these  lengths  is  then 

390*  at  Iq. 

At  the  band  edges,  these  differences  are: 

fL  386.361* 
fjj  393.639* 

or  a maximum  dlfierence  change  of  +3.639“  over  the  band.  This  is,  therefore,  equivalent 
to  the  change  in  the  zero  reference  an^e.  However,  this  shift  can  be  reduced  to  zero  by 
adding  an  external  390*  line  section  to  the  H = 0 mode  port,  A possible  mechanical  de- 
sign for  the  antenna  of  Figure  3-25  is  shown  in  Figure  3-26. 

It  is  concluded  that  the  antenna  shown  in  Figures  3-25  and  3-26  represents  the  optimum 
design  for  the  simplest  solution  toaH  = 0andH  = l mode  operation  with  moderate  azimuth 
bearing  error. 

3. 2, 3. 7 Higher  Order  Modes  (H  > 1) 

Thus  far,  two  preferred  designs,  using  the  H = 0 and  H = 1 modes,  have  been  discussed: 


NUMBER  OF 
ELEMENTS 


Design  1 
Design  2 


H = 0 

1 

1 


H = 1 

4 

8 


MAXIMUM  BEARING 
ERROR  (a  = . 15>) 


2.3* 

0.029* 


The  rate  of  change  of  azimuth  bearing  is  of  Importance  in  the  system  operation,  and  an 
approach  to  Increase  the  accuracy  in  obtaining  this  is  next  discussed. 
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Figure  3-27  shows  the  far*41eld  phase  change  with  azimuth  an^e  for  different  higher  ; 

; 

order  modes.  The  number  of  degrees  change  In  phase  per  deg^e  of  azimuth  angle 

change  Is  equal  to  H.  Since  the  number  of  complete  cycles  of  phase  change  occurs  H 

times  around  the  clrcule,  then  there  will  be  H directions  in  which  the  phase  relative 

to  a H = 0 mode  is  the  same.  These  ambiguities  can  be  resolved  by  operating  two  j 

arrays  sequentially  (or  possibly  simultaneously); 

(1)  Using  the  H = 0 and  H = 1 modes  to  obtain  the  direction  of  wave  arrival 
without  ambiguity 

(2)  Uslog  the  H = 0 and  H = (n  > 1)  modes  for  obtaining  vernier  changes  in  | 

arrival  directions.  I 

Appendix  I gives  the  mathematical  relationships  required  for  ambiguity  resolution. 

The  physical  size  of  hi^er  order  mode  generators  is  limited  by  the  available  ground 
plane  regions  on  typical  aircraft . Previous  work  has  indicated  that  the  mlnlmiun 
spacing  between  adjacent  elements  on  the  ring  Is  about  one-quarter  wavelength.  The 
phase  diSerence  between  these  adjacent  elements  Is  90** . Thus,  the  circumference 
of  the  ring  Is  HX,  and  the  radius  of  the  ring  Is  . The  number  of  elements  Is  4H. 

A reasonable  assumption  for  the  maximum  practical  array  diameter  Is  about  el^  or 

ten  Inches . This  limits  the  hipest  order  mode  that  can  be  used  at  this  frequency  band  , 

to  be  H = 4 . 

Figure  3-28  shows  how  such  a 16-element  ring  for  H = 4 can  be  made  vp  of  two  sub- 
rings, each  having  8 elements.  The  elemente  of  each  subring  are  fed  in  alternating 
polarity  from  half-wave  transmission  line  sections.  There  will  be  no  cross-coupling 
between  subrings  since  the  elements  of  one  lie  in  the  neutral  planes  of  the  other.  Two 
subrings  are  then  fed  in  quadrature  from  a hybrid  and  90*  phasing  line.  The  fourth  port 
of  the  hybrid  is  resistance-terminated  to  absorb  any  reflected  waves . 
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Figure  3-29  shows  the  rosette  field  pattern  produced  by  each  subring.  Figure  3-30 
Illustrates  a simple  means  of  calculating  the  field  pattern  of  a single  subrlng  in  terms 
of  the  patterns  of  coi9>lets  symmetrically  disposed  around  the  ring.  The  total  field 
pattern  from  the  complete  ring  Is  then  the  vector  addition  of  the  radiation  from  the  rosette 
patterns  generated  by  the  two  subrings  fed  In  phase  quadrature. 

2X 

The  radiation  pattern  was  calculated  for  a — (4.673  Inches  at  1607  5 MHz);  the  max- 

ir 

<iTiinn  bearing  error  was  found  to  be  0.0015*  and  the  azimuth  circularity  was  4. 34  x 
10*^  db.  Thus,  the  Ideal  mode  pattern  Is  almost  perfectly  achieved. 

The  elevation  pattern  was  determined  using  cotq;>let  formulas  of  the  type  given  In  Figure 
3-30.  This  pattern  was  then  Integrated  to  give  Its  peak  gain,  and  plotted  In  Figure  3-31. 
Also  plotted  for  comparison  are  the  elevation  patterns  for  the  H = 0 (single  element)  and 
H = 1 modes.  For  this  comparison,  the  H = 1 elevation  pattern  is  assumed  to  be  Inde- 
pendent of  angle  0 and  to  have  a peak  gain  midway  between  the  curves  of  Figure  3-21  for 
a/X  = 0.16.  The  H = 4 pattern  Is  seen  to  have  a little  higher  gain  than  the  other  two 
plots . 

The  differences  In  amplitude  obtained  from  Figure  3-31  are  plotted  in  Figure  3-32  for 
the  two  different  operating  systems . This  difference  Is  of  interest  since  practical  phase 
comparison  equipment  may  not  operate  properly  if  the  difference  Is  too  great  (possibly 
around  10  db).  It  is  seen  In  Figure  3-32  that  the  difference  between  the  H = 0 and  H = 4 
modes  exceeds  10  db  only  in  the  upper  conical  sector  defined  by  0 = 40* . For  the  differ- 
ence between  the  H = 0 and  H = 1 modes,  this  occurs  only  In  the  conical  sector  defined 
by  0 = 16* . 


3. 2. 3. 8 Feed  Circuitry  for  the  H = 4 Ring 

The  simplest  feed  circuitry  for  the  H = 4 ring  consists  of  half-^ave,  phase  reversing  line 
segments  between  adjacent  elements.  This  circuitry  (transformed  from  a circular  to 
linear  geometry).  Is  pictured  in  Figure  3-33.  The  odd  number  of  l/4  wavelength  sections 
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between  the  successive  feed  points  and  the  antennas  are  required  to  reduce  the  parasitic 
reradlatlon  as  described  previously.  An  equivalent  circular  layout  Is  given  In  Figure 
3-34.  The  3/4  wavelength  sections  are  required  since  one  X/4  sections  are  not  long 
enough  physically . 

Although  this  arrangement  Is  perfectly  satisfactory  for  a single  frequency,  the  last-fed 
elements  suffer  a phase  deterioration  from  the  design  value  as  the  frequency  Is  changed . 
Even  for  a very  small  frequency  change,  the  four  X/4  baluns  In  series  can  Introduce  a 
serious  phase  problem  to  the  last-fed  element . 

A corporate  feed  network  (Figure  3-35)  could  be  used  to  solve  this  difficulty.  Although 
this  network  Is  frequency  independent,  space  limitations  in  this  particular  design  pre- 
cluded Its  use.  The  approach  finally  selected  as  optimum  Is  pictured  In  Figure  3-36. 
Here,  each  quadrant  of  four  monc^oles  Is  fed  from  a single  input,  thus  reducing  the 
number  of  branching  feed  lines  In  the  remaining  corporate  feed  network.  A square 
hybrid  network  Is  used  in  each  quadrant  section  to  provide  the  required  quadrature 
phasing.  This  particular  hybrid,  consisting  of  four  quarter-wave  line  sections  joined 
In  a square,  offers  a reduced  length  hybrid  to  give  two  equal  amplitude  outputs  In  quad- 
rature^haslng  by  the  proper  choice  of  the  Individual  line  impedances . 

The  selected  geometry  of  this  quadrant  feed  circuitry,  given  In  Figure  3-37,  offers  a 
compact  arrangement  for  the  maximum  clearance  in  the  central  area  for  the  H = 0 and 
H = 1 circuitry.  The  corporate  feed  network  joining  the  four  quadrant  sections  is  in- 
stalled external  to  the  H = 4 ring.  Although  occupying  slightly  more  printed  circuitry 
area,  the  approach  was  deemed  satisfactory  In  this  preliminary  e^erimental  design. 

A comparison  of  the  rat-race  and  square  hybrids  is  given  In  Figure  3-38  as  a function 
of  frequency  change.  Although  the  rat-race  hybrid  Is  seen  to  be  superior  over  a wide 
freqiiency  range,  the  small  differences  over  the  relatively  small  SECANT  band  range 
was  not  considered  serious  In  view  of  the  advantages  offered  by  the  square  hybrid  in 
effecting  the  reduced  size  feed  circuitry . 
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Flgmre  8-37.  FuU  Size  Layout  of  Printed  Circuitry  for  l/4  of 
the  H = 4 Ring 
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3. 2. 3. 9 Effect  of  Finite  Ground  Planes  on  Radiation  Characterlfltlcs 

The  foregoing  studies  have  been  concerned  only  with  the  Ideal  cases  of  noncurved,  In- 
finite ground  planes  of  perfect  conductivity.  Next  to  be  considered  are  some  observations 
on  changes  In  the  radiation  characteristics  with  finite  grounds  having  surfaces  approaching 
the  geometries  characterized  by  practical  aircraft  fuselage  sh^)es. 

It  Is  first  to  be  noted  that  the  actual  case  Is  very  complex,  consisting  of  finite  grounds 
with  different  curvatures  In  orthogonal  planes . It  Is  considered  that  factual  data  Is  best 
secured  by  experimental  measurements.  However,  certain  simple  geomrtrles,  repre- 
senting rather  extreme  conditions,  produce  radiation  properties  of  known  values.  This 
data  Is  touched  iqx>n  In  the  belief  that  the  actual  case  lies  somewhere  in  between  this  and 
the  Ideal  assumption. 

Only  the  elevation  pattern  of  a single  vertical  monopole  (H  = 0)  Is  considered  here  for 
the  sake  of  simplicity,  since  the  elevations  patterns  for  the  higher  order  modes  of  H = 1 
and  H = 4 do  not  change  radically.  Figure  3-39  shows  the  elevation  pattern  for  such  a 
single  monopole  under  Ideal  conditions.  The  elevation  pattern  for  a very  small  groimd 
plane  of  two  wavelengths  diameter  Is  given  in  Figure  3-40.  This  shape  Illustrates  the 
general  character  of  patterns  with  finite  ground  planes;  an  upward  tilt  of  the  beam  max- 
imum and  multi-lobe  radiation  of  reduced  amplitudes  below  the  horizontal  plane . As  the 

diameter  Increases  (Figure  3-41),  the  beam  maximum  drops  downward  and  radiation 

(10) 

near  the  zenith  develops  small,  multi-lobes 

The  solid  curves  of  Figure  3-42  (from  Jaslk^^®^ ),  relates  the  beam  tilt  with  ground 
dimensions.  The  dashed  curve  at  the  left  was  obtained  earlier  at  the  RCA  Laboratories. 
This  limited  data  was  derived  on  a theoretical  basis  and  confirmed  by  experimental 
measurements.  Hence,  It  Is  considered  to  be  more  accurate  than  the  solid  curve  in  the 
region  of  small  diameters.  However,  the  general  shape  of  the  solid  curve  Is  probably 
reasonably  accurate  as  the  diameter  of  the  ground  Increases . 
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Since  the  multi-lobe  charaxjter  near  the  poles  probably  exhibits  phase  changes  with 
elevation  angle,  additional  azimuth  bearing  errors  might  be  encountered  in  these 
regions . Differences  are  particularly  expected  in  the  vertical  planes  parallel  and 
perpendlciilar,  respectively,  to  the  major  axis  of  the  aircraft.  These  errors  may 
possibly  limit  the  useful  operating  range  of  elevation  an^e  to  values  of  0 from,  say, 

40*  - 45*  to  directions  near  the  horizon. 

In  the  final  analysis,  only  experimental  measurements  on  a mock-up  section  of  the 
aircraft  surface  can  give  accurate  data  as  to  the  spaclal  regions  in  which  the  Ideal 
characteristics  can  be  realized. 

3.3  SIGNAL  PROCESSING  CONFIGURATION  ANALYSIS  (TASK  2.2) 

Control  of  errors,  and  maintenance  of  calibration  over  long  operational  periods,  are 
predominant  factors  affecting  the  level  of  overall  system  performance  of  the  bearing 
and  miss  distance  measurement  scheme . Such  factors  are  realizable  by  a combination 
of  signal  processing  techniques,  data  processing  algorithms,  and  judicious  choices  from 
candidate  hardware  (^tlons.  This  section  Identifies  appropriate  signal  processing  methods 
and  associated  circuit  elements  and  examines  several  sources  of  error  which  appear 
amenable  to  control  by  such  methods . The  sequence  of  addressing  the  topics  corresponds 
to  the  listing  of  Table  3-1;  however,  owing  to  their  Insignificant  effect,  reference  to 
errors  caused  by  propagation  anomalies  and  quantization  Is  relagated  to  Section  3 . 5 on 
system  accuracy  analysis. 

3.3.1  Local  Multipath 

Increasing  the  DF  antenna  aperture  to  diminish  multipath  ("site")  errors  causes  the  con- 
stant phase  wave-front  arriving  at  the  antenna  to  be  sampled  over  a broadside  span  of 
several  wavelengths  Instead  of  merely  a fraction  of  a wavelength  as  with  the  Interferometer 
array  originally  proposed  for  bearing  measurement  In  SECANT.  Spatial  corrugations  are 


created  In  the  wave-front  by  the  combination  of  the  direct  ray  and  reflected  rays  from 
the  aircraft  wings  and  fuselage . When  these  corrugations  impinge  on  antenna  elements 
that  are  closely  spaced  (in  the  order  of  1/2  wavelength  or  less),  the  apparent  direction- 
of-arrlval  (DO A)  as  denoted  by  a particular  phase  difference  measured  between  the  emfs 
Induced  In  the  elements,  may  deviate  substantially  from  the  true  DOA,  The  worst  deviation 
occurs  if  the  wave-front  is  sampled  only  between  adjacent  oj^oslng  peaks  of  a corrugation 
cycle.  Clearly,  reduction  of  the  deviation  may  be  achieved  by  increasing  the  antenna 
aperture  and  spacing  the  antenna  elements  so  as  to  span  many  corrugations . 

Another  method  of  mitigating  DOA  errors  due  to  multipath  is  to  change  the  carrier  fre- 
quency enough  to  produce  sizable  lateral  translations  of  the  corrugations  relative  to  the 
antenna  array , to  acquire  several  sample  measurements  of  the  appairent  DOA  for  a spread 
of  frequencies,  and  to  compute  the  average  value  of  the  sample.  Movement  of  the  corru- 
gations is  brought  about  by  virtue  of  the  longer  paths  taken  by  the  indlirect  rays  compared 
to  the  direct  ray,  which  cause  the  phases  of  the  reflected  signals  to  change  more  rapidly 
than  the  direct  signals  as  the  frequency  Is  varied.  The  extent  of  the  translation  depends 
upon  the  amount  of  frequency  change  and  the  distances  between  the  reflecting  surfaces 
and  the  antenna.  In  SECANT  the  received  carrier  is  randomly  helped  between  eight 
different  frequencies  (two  sets  of  P"^,  P , Q"^,  Q ) occupying  the  high  and  low  bands. 

As  presently  allocated,  however,  the  four  frequencies  in  a band  cover  an  arbitrary  range 
of  only  5 MHz  which  is  Insufficient  to  confer  tangible  frequency  diversity  benefit  in  com- 
bating multipath.  By  an  alternative  allocation, the  four  frequencies  can  be  dispersed 
over  a band  of  at  least  21  MHz  to  improve  the  benefit. 

3.3.2  Corange  Target  Interference 

Reference  to  "catastrophic  errors"  caused  by  Interference  from  corange  targets  should 
not  be  construed  as  vitiating  the  application  of  relative  bearing  measurement  to  SECANT. 

A recent  unpublished  analysis  of  the  altitude  coding  facility  shows  that  the  corange  event 
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Is  rare  under  the  most  congested  traffic  conditions  predicted  In  the  FAA  1982  LA  Basin 
standard  traffic  model  (snapshot  #3),  and  becomes  even  more  so  If  the  event  Includes 
persistence  of  a oorange  condition  beyond  a 4 second  round  time . 

Although  not  embodied  In  the  present  configuration  concept  It  Is  of  Interest  to  note  that 
If  the  ring  array  antenna  were  employed  reciprocally,  (l.e. , for  transmission  as  well 
as  reception)  a cardlold-llke  radiation  pattern  would  be  created  having  a null  whose 
azimuthal  orientation  could  be  controlled  by  varying  the  phase  difference  between  the 
signals  fed  to  the  H = 0 monopole  and  the  H = 1 ring  array.  There  would  then  exist  the 
potential  for  aiming  the  null  at  an  undeslred  target  causing  the  corange  state,  so  selec- 
tively depriving  it  of  interrogation  pulses  and  Inhibiting  Its  interference . The  crossed- 
axls  Interferometer  does  not  conveniently  lend  itself  to  a similar  reciprocal  iq>plicatlon 
as  a directionally  emissive  antenna. 

3.3.3  Aircraft  Attitude  Variations 

A potentially  crucial  perturbation  of  swept  bearing  measurement  develops  from  spon- 
taneous short  term  variations  of  yaw  which  occur  when  aircraft  are  flying  nominally 
straight  courses  during  conditions  of  atmospheric  turbulence . An  example  provided 
by  Reference  12  gives  typical  peak-to-peak  yaw  variations  In  the  order  of  5 degrees  at 
angular  velocities  ranging  from  1.32  to  2.59  deg/sec  rms  for  a fighter  and  a bomber 
flying  In  a clear,  medium  turbulence  environment.  The  seriousness  of  such  angular 
movement  can  be  Judged  In  relation  to  the  anticipation  that  swept  bearing  measurements 
would  be  characteristically  in  a range  of  2 to  5 degrees  and  undertaken  over  an  Interval 
from  3 to  5 seconds . Unless  compensated,  spontaneous  yaw  changes  could  be  drastically 
Inimical  to  miss  distance  determinations , The  necessary  compensation  can  be  derived 
by  Interfacing  the  CAS  with  Inertial  platforms  or  Intergrating  rate  gyros  which  normally 
serve  navigational  and  autopilot  equipment  In  the  aircraft.  It  Is  essential  that  the  re- 
sponse and  resolution  characteristics  of  the  yaw  plckoff  shall  match  those  of  the  bearing 
measurement  system  sufficiently  well  to  limit  residual  uncompensated  angular  differences 
to  a budgetary  error  of  0. 1 degrees  (one  sigma). 
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Roll  and  pitch  variations  occurring  about  a nominally  level  and  straight  flight  path  would 
cause  relatively  insignificant  errors  in  bearing  and  miss  distance  measurements.  How- 
ever, large  angular  deviations  (as  occur  during  banking,  diving,  and  climbing)  cannot 
be  ignored . Pick-offs  for  roll , pitch  and  yaw  will  be  necessary  If  accurate  determination 
of  true*  relative  beairing  and  miss  distance  are  required  for  nonlevel  modes  of  flight,  as 
is  assumed  to  be  the  case  In  the  present  study. 

Signal  processing  associated  with  attitude  variation  compensation  Is  limited  to  conversion 
of  the  signal  format  of  the  aircraft  attitude  sensor  to  the  digital  format  compatible  with 
data  processing  in  the  bearing  measurement  subsystem,  together  with  such  lag  correction 
as  may  be  required. 

3.3.4  Fruit  Interference 

Errors  in  bearing  measurement,  caused  by  fruit  pulses  overlapping  target  pulses  in  the 
range  gate,  have  magnitudes  determined  by  a complex  stochastic  process  involving  four 
significant  random  variables  (rv)  pertaining  to  the  fruit  signal.  They  comprise  the  time- 
of-arrival,  the  dlrectlon-of-ar rival,  the  phase  displacement  of  the  fruit  carrier  with 
respect  to  the  target  reply  carrier  in  a receiver  channel,  and  the  amplitude  of  the  fruit 
signal  relative  to  that  of  the  desired  reply.  Additionally,  there  is  a binominal  distribution 
which  gives  the  probability  that  one  or  more  fruit  pulses  (the  actual  number  Is  another  rv) 
will  enter  the  range  gate  and  interfere  with  the  desired  signal  pulse.  The  probability 
density  functions  of  the  first  three  rv's  could  reasonably  be  taken  as  uniform  for  an  air- 
craft located  at  the  center  of  a densely  populated  traffic  model,  whereas  the  density  function 
for  the  relative  fruit  amplitude  could  be  ascertained  from  the  histogram  of  fruit  statistics 
outputted  from  the  SECANT  signal  environment  computer  simulation  program  for  a partic- 
ular traffic  model.  A further  complication  is  that  the  last  mentioned  density  function  Itself 
Is  a function  of  the  signal  level  received  by  a protected  aircraft,  and  hence  of  the  target 
range. 

* I.e. , the  relative  bearing  observed  in  the  horizontal  plane,  as  distinct  from  that  In  the 
azimuthal  plane  of  the  antenna.  The  latter  observation  Is  called  simply  relative  bearing 
herein, 
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A rigorous  error  analysis  embodying  the  above  mentioned  density  fimctlons  would  be 
rather  formidable,  especially  if  undertaken  for  a variety  of  target  range  magnitudes, 
and  would  exceed  the  scope  of  the  present  study.  A simplified  analysis  is  given  in 
Section  3, 5.2.4,  however.  It  proceeds  on  the  assumption  that  the  received  fruit  pulses 
essentially  causing  the  interference  error  are  at  levels  In  excess  of  the  signal  level  re- 
ceived from  a target  aircraft . This  assumption  is  valid  for  a target  separated  by  the 
maximum  Tau  2 hazard  range  (approximately  8 nautical  miles  in  the  terminal  area) 
from  a protected  aircraft  located  in  the  densest  region  of  the  FAA/MITRE  1982  LA 
Basin  standard  traffic  model . 

Signal  processing  is  essential  for  reducing  fruit  interference  within  the  receiver  to  a 
level  from  which  associated  residual  errors  can  be  further  diminished  to  acceptable 
bounds  by  data  processing.  Such  signal  processing  would  be  implemented  by  the  operation 
of  a gate  controlled  from  the  detection  and  tracking  circuits  of  the  SECANT  equipment 
with  which  the  bearing  measurement  subsystem  is  Integrated.  The  gate  would  be  enabled 
to  permit  a phase  measurement  only  when  a reply  signal  appeared  within  the  SECANT 
tracking  gate  in  only  one  of  the  two  active  reply  channels,  corresponding  to  the  condition 
of  valid  bit  recognition  by  the  SECANT  message  data  processing  circuitry.  Accordingly, 
bearing  measurements  would  be  permitted  only  during  the  interval  in  which  SECANT 
anticipates  and  senses  the  reception  of  an  above  threshold  reply  pulse  from  a target 
aircraft.  A concldent  fruit  pulse^then, could  not  evoke  a response  unless  it  were  of 
the  same  type  (domain  and  message  symbol)  as  the  anticipated  reply  pulse.  Only  this 
event  or  simultaneous  interference  by  a noise  pulse  could  cause  an  erroneous  phase 
measurement  due  to  interference. 

The  fruit  Interference  error  shown  in  Table  3-1  would  apply,  following  signal  pro- 
cessing, in  the  most  congested  region  of  the  traffic  model  given  that  fruit  signals  are 
uniformly  distributed  over  360®  of  azimuth  relative  to  the  protected  aircraft.  This 
worst  case  error  is  an  order  of  magnitude  greater  than  a tolerable  budgetary  value 
for  the  full  CAS,  but  is  amenable  to  adequate  reduction  by  data  processing  as  described  I 
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In  Section  3.4.1.  Thus,  digitizing  the  62  bearing  measurements  as  discussed  in  Sec- 
tion 3. 1.1. 3,  and  storing  the  data  in  temporary  memory,  provides  the  opportunity  for 
statistically  refining  the  data  points  in  that  "wild"  measurements  due  to  fruit  and  noise 
can  be  detected  and  rejected  before  final  data  smoothing  is  undertaken.  Assuming  that 
wild  bearings  are  uniformly  distributed  in  azimuth,  a stochastic  acceptance  window 
which  contracts  from  360*  to  4*  would  reduce  the  random  component  of  bearing  error 
to  within  a budgetary  value  of  0.25  degree, one  sigma,after  averaging  the  62  bearing 
measurements  taken  with  the  H = 4 ring  array  antenna. 

3.3.5  Mutual  Coupling  Effects  In  Interferometer  Array 

Mutual  coupling  between  the  monopole  stubs  of  the  crossed  axis  Interferometer  array 
cause  cyclic  deviations  in  measured  angle  from  computed  values . As  shown  in  Section 
3.2,  the  deviations  vary  cyclically  between  limits  of  over  each  45®  azimuthal  sector 
for  l/4  wavelength  monopoles  set  at  an  aperature  of  l/2  wavelength  (9.4  cm  at  1.6  GHz). 
This  effect  could  produce  errors  of  as  high  as  +0-  5“  per  degree  of  swept  bearing,  assuming 
that  the  small  ^erture  array  was  employed  for  such  measurements . The  deviation  di- 
minishes rapidly  as  the  aperture  is  widened,  such  that  at  four  wavelengths  its  maximum 
rate  of  change  falls  to  the  ne^lgible  theoretical  level  of  0.004*  per  degree  of  azimuth. 

Attempts  to  satisfactorily  correct  the  mutual  coupling  error  in  the  small  aperture  inter- 
ferometer would  prove  futile  because  of  the  large  uncertainty  in  the  magnitude  of  the 
relative  bearing  angle  measured  with  the  antenna.  While  this  conclusion  adds  further 
weight  to  the  argument  for  disqualifying  the  small  aperture  interferometer  in  making 
swept  bearing  measurements,  it  does  not  vitiate  applirations  for  sector  identification 
in  PWI  or  for  angle  ambiguity  resolution  In  a full  CAS  which  is  also  equipped  with  a wide 
aperture  Interferometer  for  swept  bearing  measurements  and  accurate  relative  bearing 
measurements . 

3.3.6  Phase  Nonlinearity  in  Ring  Arrays 

A theoretical  ring  array  having  an  indefinitely  large  number  of  antenna  elements  and  a 
moderate  niunber  (H  = n)  of  phase  cycles  per  360®  of  azimuth  possesses  a linear  phase 
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versus  arrival  angle  characteristic.  In  practical  applications  as  few  as  three  elements 
can  be  employed  in  a ring  for  H = 1.  Therefore,  a ripple  Is  superimposed  on  the  calibration, 
whose  maximum  deviation  depends  upon  the  magnitude  of  H,  the  number  of  elements  in  the 
ring,  and  the  ratio  of  the  ring  radius  to  the  wavelength  X . Thus,  with  a 4-element  ring 
array  having  parameters  of  H = 1 and  a/X  = 0.15  (corresponding  to  a ring  radius  ofV 
= 2.8  cm  at  1.6  GHz),  the  ripple  has  a computed  maximum  deviation  of  2,3“  and  passes 
through  four  cycles  In  360“  of  azimuth.  These  numbers  Imply  that  deviation  errors  In 
swept  bearing  measurement  could  reach  a maximum  rate  of  0. 16*  per  degree^  which  is 
considerably  lower  than  the  rate  caused  by  mutual  coupling  in  a crossed-axls  interfero- 
meter having  a similar  aperture.  However,  the  deviation  increases  sharply  with  array 
diameter  which,  if  9.3  cm  (a/X  = 0.25),  would  produce  an  error  rate  of  0.5“  per  degree. 

Some  mitigation  of  the  error  could  be  realized  at  larger  apertures  by  the  device  of  sub- 
stituting circumferentially  dispersed  monopole  coi5>l®ts  for  each  antenna  element,  but  a 
much  more  effective  remedy  is  to  adopt  a higher  cyclicity  mode . Negligible  ripple  error 
results  at  H = 4 and  25  cm  diameter,  which  are  the  parameters  of  the  larger  ring  array 
antenna  Investigated  in  the  present  study. 

3.3.7  Thermal  Noise  Errors 

Errors  caused  by  thermal  noise  will  be  of  concern  only  at  target  ranges  approaching  the 
maximum  Tau  2 hazard  range  of  the  ATA  ANTC-117  specification.  For  a closing  speed 
of  550  knots  this  range  is  about  8 nautical  mUes  and  accounts  for  a mean  signal-to-moise 
ratio  of  18  db  In  VECAS  when  range  tracking  from  two  paralleled  channel  filters  having 
a combined  noise  bandwidth  of  2 MHz , Phase  difference  measurements  would  be  under- 
taken at  larger  bandwidths  on  account  of  the  necessity  to  reduce  the  pulse  transient  settling 
time  to  a small  fraction  of  the  pulse  width,  as  is  discussed  In  Section  3.3.9.  A 3 db  IF 
bandwidth  of  around  6 MHz  is  required  for  this  purpose;  the  SNR  would  be  degraded  to 
about  13  db  and  the  corresponding  noise  error  averaged  over  62  samples  would  be  about 
1.6  degree  one  sigma.  The  62  bearing  samples  become  available  If  phase  measurements 
are  made  for  each  pulse  of  a VECAS  range  track  pulse  sequence  which  occurs  In  the  track 
format. 
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Eliminating  cable  losses  by  locating  the  RF  front  end  of  the  receiver  at  the  antenna,  and 
improving  the  receiver  noise  figure  would  serve  to  restore  the  SNR  to  18  do.  An  additional, 
more  potent  method  of  bearing  error  reduction  is  to  utilize  an  antenna  having  an  angle 
conversion  factor  (n)  exceeding  unity  since  the  noise  error  is  Inversely  proportional  to 
n.  Proceeding  on  the  assumption  that  n = 4 is  a reasonable  number  for  design  purposes, 
its  effect  would  be  equivalent  to  improving  the  SNR  by  12  db  and  so  reducing  the  random 
noise  error  to  approximately  0.23  degree  one  sigma  with  62  pulses.  As  previously  noted, 
the  device  of  increasing  n is  correspondingly  effective  for  controlling  all  other  interior 
error  sources  discussed  herein. 

3.3.8  Phase  Comparator  Resolution 

Resolution  limitations  of  the  phase  comparator  contribute  an  error  component  to  the 
relative  bearing  measurement.  The  error  Cp  is  virtually  independent  of  bearing,  0, 
in  the  case  of  ring  array  antennas.  But  for  crossed  axis  interferometer  of  comparable 
aperture  the  reflected  phase  comparator  error  can  reach  a value  of  2 Cp  cos®  0,  and  hence 
may  exceed  the  corresponding  ring  array  error  by  as  much  as  2:1  over  a cumulative  azimuth 
range  of  180“ . This  result  stems  from  the  condition  that,  whereas  a phase  displacement  in 
the  measuring  system  translates  linearly  into  an  equivalent  change  of  bearing  with  the  ring 
array,  there  is  an  Inverse  tangent  relationship  between  a ratio  of  phase  displacements  and 
bearing  in  the  case  of  the  interferometer. 

Distinctly  different  conditions  affect  resolution  limitation  in  the  phase  comparator,  according 
to  whether  it  is  of  the  zero  crossover  type  or  of  the  multiplier  type.  These  conditions  are 
discussed  in  the  following  subsections. 

3.3, 8.1  Zero  Crossover  Phase  Comparator 

A further  distinction  regarding  resolution  capability  must  be  drawn  in  the  case  of  the  zero 
crossover  type  depending  on  the  method  used  to  measure  the  interval  between  the  start 
crossover  of  the  reference  signal  and  the  succeeding  (stop)  crossover  of  similar  slope  in 
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the  comparison  signal.  One  favored  method  Involves  Initiating  a linear  ramp  waveform 
at  the  start  crossover  and  measuring  its  terminal  amplitude  when  sampled  and  held  at 
the  stop.  This  crossover  amplitude  is  proportional  to  the  phase  difference.  An  alternative, 
completely  digital  method  employs  a time  interval  counter  to  accumulate  clock  pulses 
observed  between  the  two  crossovers  and  will  be  discussed  first  in  the  following  para- 
graphs. It  is  of  interest  to  note  that  the  Hewlett-Packard  Company  (Reference  13)  utilizes 
a hybrid  combination  of  the  counting  and  vernier  ramp  sensing  techniques  in  its  high  pre- 
cision Model  5360A  Computing  Counter  to  greatly  improve  resolution  and  accuracy  when 
it  is  used  for  phase  and  other  measurements. 

3 . 3 . 8 . 1 . 1 Clocked  Crossover  Method 

The  resolution  problem  of  the  clocked  crossover  method  arises  from  the  magnitude  of 
the  second  IF  frequencies  associated  with  the  P , P , Q , and  Q replies.  These  frequencies 
are  19,  20,  23  and  24  MHz  in  the  present  VECAS  for  which  the  average  period  is  53.25  ns. 
Thus  if  a free  running  100  MHz  clock  were  employed  for  time  interval  measurement, its  period 
of  10  ns  would  correspond  to  a phase  comparison  quantum  of  10  x 360/53.25  = 67.6* . Direct 
counting  at  much  higher  rates  than  100  MHz  is  only  beginning  to  become  commercially 
practicable  (Reference  3 ) so  that  other  techniques  must  be  Invoked  in  substantially  re- 
ducing the  quantization  error,  as  appears  necessary  from  the  following  approximate  esti- 
mate of  the  quantization  error  magnitude. 

The  phase  comparison  quantum  Implies  a total  resolution  error  having  triangular  probability 
density  sjonmetrlcally  distributed  over  a range  of  ^7.6®*,  and  thus  a standard  deviation  of 
67.6/  6 = 27.6®  . Now  with  62  independent  pulse  samples  the  standard  deviation  of  the 
averaged  result  would  be  27.6/  62  = 3.5®.  When  divided  by  an  antenna  angle  conversion 
factor  of  four,  the  resulting  error  of  0.9®  one  sigma  is  in  excess  of  a budgetary  goal 

* Assuming  all  clock  pulses  occurring  between  start  and  stop  crossovers  are  counted. 
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tentatively  set  at  about  0.13  degrees  one  sigma  for  each  of  the  interior  random  error 
contributors.  Nevertheless,  this  simple  exercise  demonstrates  the  remarkable  effective- 
ness of  pulse  integration  and  angle  conversion  when  combined  to  combat  such  contributors. 
Reduction  of  the  phase  quantum  could  be  accomplished  by  a dual-chaimel  receiver  modifi- 
cation, without  a major  revision  of  system  frequencies  generally,  by: 

(a)  The  addition  of  two  second  LO  frequencies  at  142  MHz  and  148  MHz  which 
would  generate  17  MHz  and  18  MHz  Instead  of  the  existing  (VECAS)  19  MHz 
and  20  MHz  second  IF  reply  frequencies,  respectively. 

(b)  A third  IF  section  incorporating  a third  LO  frequency  of  21  MHz,  to  seiwe 
the  phase  measurement  circuitry  only . 

The  purpose  of  the  modification  would  be  to  generate  two  third  IF's  of  3 MHz  and  4 MHz 
from  the  four  second  IF's  of  17,  18,  24  and  25  MHz.  The  longer  resulting  periods  would 
reduce  the  phase  comparison  quantum  to  a mean  of  12.6®  and  so  almost  satisfy  the  above 
mentioned  budget  0. 13®  (one  sigma)  when  integrating  62  pulses.  Note  that  although  it 
might  appear  preferable  to  remain  with  the  original  second  IF's  of  19,  20,  23  and  24  MHz, 
the  lower  third  IF  would  then  be  1. 5 MHz  which  would  not  quarantee  availability  of  a full 
cycle  having  two  positive  going  crossovers  or  two  negative  going  crossovers,  but  not  both, 
under  a 1 psec  pulse  while  also  providing  sufficient  margin  for  adequate  subsidence  of  the 
initial  filter  transient. 


Certain  drawbacks  are  evident  in  the  third  IF  solution  albeit  an  option  which  avoids  a com- 
pletely new  set  of  frequencies.  One  drawback  is  the  additional  circuit  complexity  involved. 
Another  drawback  arises  from  the  characteristics  of  the  third  IF  filter  which  must  possess 
a sharp  cutoff  frequency  between  4 MHz  and  6 MHz  in  order  to  suitably  attenuate  harmonics 
of  the  3 MHz  and  4 MHz  IF's.  Hence  the  third  IF  bandwidth  may  be  insufficient  for  adequate 
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A third,  but  minor  drawback,  stems  from  the  difference  in  the  periods  of  the  3 MHz  and 
4 MHz  IF's;  which  would  appear  to  require  compensation  by  extending  either  signal  pro- 
cessing or  data  processing.  This  complication  could  be  avoided  if  the  average  of  the  two 
periods  is  employed  in  computing  the  phase  angle;  which  procedure  introduces  an  error, 
however,  since  the  period  must  be  regarded  as  a random  variable.  Assuming  equl- 
llkellhood  of  the  IF's,  Integration  of  62  pulses,  and  an  angle  conversion  factor  of  4;  the 
related  error  component  in  relative  bearing  and  swept  bearing  is  found  to  be  0.4%  (one 
sigma).  This  amount  corresponds  to  a worst  case  error  of  1.4®  (one  sigma)  when 
measuring  a relative  bearing  approaching  360® . By  comparison,  averaging  the  periods 
of  the  original  second  IF's  (19,  20,  23  and  24  MHz)  causes  a smaller  error  of  0.22%  one 
sigma  which  slightly  diminishes  the  resolution  advantage  gained  in  resorting  to  lower  IF's, 
but  only  in  respect  to  relative  bearing  measurement.  Negligible  error  would  occur  when 
determining  swept  bearing  because  the  errors  caused  by  the  variable  period  have  high 
probability  of  being  nearly  equal  in  the  differenced  relative  bearing  measurements . This 
error  correlation  occurs  due  to  the  fact  that  the  sequence  of  reply  symbols  is  the  same 
for  both  sets  of  signals  employed  when  making  the  relative  bearing  measurements. 

Resolution  of  the  problem  of  achieving  a small  enough  phase  quantum  was  finally  reached 
by  adopting  a design  plan  in  which  the  diversity  of  SECANT  reply  frequencies  was  expanded 
to  control  multipath  errors  as  described  In  Section  3.3.1.  Consequently,  the  constraint 
on  redistribution  of  LO  and  IF  receiver  frequencies  vanishes  thus  allowing  the  generation 
of  a single  IF  of  3.5  MHz  for  phase  measurements,  and  avoiding  phase  quantum  averaging 
errors . 

3. 3. 8. 1.2  Linear  Ramp  Function  Method 

This  method  avoids  the  use  of  high  speed  clocks  and  counting  rates , but  would  require 
analog-to-digital  conversion  of  the  ramp  amplitude  in  order  that  bearing  data  can  be 
processed  and  smoothed  to  deliver  suitable  inputs  for  the  CAS  computer.  It  can  be 
shown  that  If  the  angle  range  of  0 to  360®  is  quantized  in  t levels,  the  quantizing  error 


need  not  exceed  180/(l/^)  degrees  one  sigma.  Therefore,  with  an  angle  conversion 
factor  of  four  and  Integration  of  62  measurements,  the  relative  bearing  error  caused 
by  quantization  would  be  180/(4t^  3 x 62  ) = 3. 3/l  degree  one  sigma.  This  result 
means  that  In  order  to  limit  the  quantizing  error  to  0.13  degree:  t ^ 26  (l.e. , 14“ 
per  level)  and  hence  a 5-blt  A-D  converter  would  be  required  to  process  the  ramp 
amplitude. 

While  the  ramp  function  method  may  siq)erflclally  appear  an  attractive  alternative  to 
the  clocked  crossover  method.  It  Is  essentially  analog  In  character  and  requires  stabil- 
ization or  normalization  of  the  terminal  amplitude,  particularly  In  regard  to  measurement 
of  large  phase  angles  where  a 2%  variation  In  that  amplitude  £q)proache8  the  maximum  l/2 
quantum  digitizer  error.  Any  nonlinearity  of  the  ramp  waveform  would  also  contribute 
to  the  amplitude  error,  so  that  It  Is  evidently  appropriate  to  specify  a tolerance  of  1%  of 
full  scale  for  the  amplitude  bias  error  and  linearity  bias  error.  Individually.  In  normal 
practice  this  requirement  may  be  too  onerous  for  a ramp  whose  time  base  Is  only  53,25 
nanoseconds,  corresponding  to  the  average  period  of  the  second  IF's  In  the  present  VECAS. 

' Consequently,  It  would  be  necessary  to  extend  the  average  period  as,  for  example,  by  the 

third  IF  down  conversion  described  above.  The  problem  of  maintaining  a stable  reference 
to  support  the  amplitude  accuracy  appears  more  difficult  than  that  of  assuring  linearity, 
but  could  be  overcome  utilizing  a normalization  process  In  which  the  mean  amplitude  of 
the  ramp  at  the  stop  crossover  Is  divided  by  a calibration  amplitude  generated  from  the 
ramp  signal  source  over  a full  mean  period.  The  arithmetic  operation  would  be  a digital 
computation  conducted  In  the  bearing  data  processor,  and  the  calibration  amplitude  would 
be  updated  from  time  to  time  by  Integration  of  the  standard  number  (62)  of  ramp  samples. 
Normalization  Implies  the  use  of  the  same  ramp  signal  source  and  A-D  converter  when 
making  a calibration  amplitude  measurement  as  when  measuring  the  ramp  amplitude  at 
the  stop  crossover. 


The  above  remarks  concerning  drawbacks  of  the  ramp  method  have  negligible  significance 
when  It  is  used  as  a vernier  in  combination  with  the  clocked  crossover  method. 


3. 3. 8.2  Multiplier  Phase  Comparator 


On  forming  the  product  of  two  sinusoids^ Ej^  slnwt  and  Eg  sin  (wt  + 0)^the  resulting  po- 
tential contains  a dc  component  which  Is  proportional  to  Ej^Eg  cos  0.  Thus,  If  Ej^  and 
Eg  are  maintained  at  predetermined  fixed  magnitudes  when  applied  to  the  two  Input  ports 
of  an  electronic  multiplier  having  stable  characteristics;  Its  output,  after  being  filtered 
to  reject  ac  components,  could  be  calibrated  to  measure  i albeit  ambiguous  In  sign.  In 
its  simplest  form,  therefore,  the  multiplier  phase  comparator  Is  deficient  on  three  counts 
with  respect  to  the  types  of  zero  crossing  phase  comparators  discussed  above.  It  Is  In- 
ferior In  that  a severely  nonlinear  relationship  exists  between  the  measured  and  actual 
values  of  phase  angle  variations  of  levels  affect  the  phase  Indication,  and  response  to 
i values  from  0'  to  360“  Is  subject  to  ambiguity  In  quadrant  Identification.  All  three 
deficiencies  are  Intolerable  for  the  present  application,  and  eliminating  them  leads  to 
the  so  called  quadrature  phase  comparator  ...  a configuration  of  substantially  Increased 
complexity  which  is  depicted  by  Figure  3-43. 

Two  multipliers  having  matched  electrical  parameters  are  shown  In  the  diagram . Both 
receive  the  reference  and  phase  displaced  second  IF  signals  from  the  dual-channel  re- 
ceiver. One,  however,  has  a 90*  phase  shifter  inserted  In  series  with  Its  reference 
channel  Input.  The  phase  shifter  is  designed  to  provide  a 90“  displacement  which  is  in- 
dependent of  frequency  over  the  IF  band  to  be  processed.  A low  pass  filter  at  each  multi- 
plier output  extracts  the  dc  component  which  for  both  multipliers  Is  proportional  to  the 
product  of  the  Input  signal  amplitudes.  The  outputs  differ,  however,  in  that  multiplier 
#2  receiving  the  quadrature  input  thereby  yields  a dc  component  depending  on  sin  0. 

Thus  by  computing  the  quotient  of  the  multiplier  outputs  in  the  divider  unit  an  output 
Kg  tan  0 Is  obtained.  The  constant  Kg  depends  on  the  transfer  characteristics  of  the 
90“  phase  shifter  and  of  the  multipliers,  and  is  made  imity  by  appropriate  design.  In- 
verse tangent  processing  to  recover  the  measured  value  of  0 would  be  undertaken  in 
the  bearing  an^e  data  processor,  and  since  tan-^  0 has  two  solutions  within  a period, 
sign  information  must  be  supplied  from  a multiplier  output  to  the  data  processor  which 
applies  an  algorithm  to  correctly  Identify  the  quadrant  occupied  by  0. 
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Actually,  with  SECANT  signals  the  multiplier  output  signals  will  be  unJ^olar  pulses 
having  durations  shorter  than  1 microsecond  by  the  Inteirval  that  must  be  allowed  for 
the  settling  time  of  the  IF  filters.  Moreover,  since  It  Is  necessary  to  measure  the  out- 
put pulse  amplitude  before  perturbing  effects  associated  with  the  lagging  edge  are  en- 
countered, a sample-and-hold  technique  must  be  utilized,  which  implies  that  A-D  con- 
version will  be  required  at  the  multiplier  outputs.  Provision  woxild  be  made  to  Initiate 
the  sample-and-hold  action  at  a controlled  time  lag  following  the  emergence  of  the  leading 
edges  of  the  pulses  from  the  multiplier  outputs . As  the  multiplier  outputs  would  then  be 
rendered  In  digital  form  it  would  be  appropriate  to  undertake  the  quotient  processing  In  the 
bearing  angle  processor  also. 

3. 3. 8. 3 Comparison  of  Phase  Detectors 

As  compared  with  the  clocked  crossover  phase  detector  described  above,  the  multiplier 
type  suffers  from  serious  drawbacks . It  Involves  considerably  more  complex  circuitry , 
is  prone  to  accuracy  deterioration  due  to  unavoidable  instabilities  of  Its  analog  multi- 
pliers and  divider,  and  incurs  the  additional  complication  of  inverse  tangent  data  pro- 
cessing. No  advantage  has  been  shown  In  regard  to  Improved  performance  with  noisy 
signals,  and  Its  only  merit  Is  that  a clock  signal  source  Is  rendered  unnecessary.  In 
view  of  these  considerations  the  clocked  crossover  phase  detector  Is  Identified  as  the 
preferred  device  In  the  present  program . 

3.3.9  Errors  Encounterable  with  Pulsed  Waves 

Two  conceivable  complications  arise  with  phase  measurements  made  between  pairs  of 
pulses  In  the  dual  receiver  channels.  First,  because  of  the  short  pulse  duration  and 
the  requirement  to  measure  phase  to  the  full  360*  limit,  phase  measurement  cannot 
be  conducted  on  frequencies  below  3 MHz.  This  limitation  results  in  the  circuit  elab- 
orations discussed  In  the  preceding  subsections  on  phase  comparators,  which  are 
needed  to  realize  sufficient  resolution  for  maintaining  accurate  bearing  measurements . 


The  other  complication  concerns  ringing  effects  due  to  the  excitation  of  IF  filter  tran- 
sients by  the  received  pulse  modulated  carrier.  Such  transients  combine  with  the  true 
(I.e. , forced  oscillation)  signal  and  cause  phase  distortion  which,  if  not  controlled  or 
averted,  may  Induce  significant  bearing  errors. 

Accordingly,  IF  bandpass  filters  - incorporated  In  the  dual  channel  receiver  (block 
#3  of  Figure  3-1  ) to  serve  the  bearing  determination  circuitry  - must  be  designed  to 
insure  that  the  transient  settling  time  occupies  a limited  portion  of  the  pulsewidth, 
thereby  affording  a steady  state  interval  of  adequate  duration  for  completing  a satis- 
factory phase  measurement  before  the  transient  due  to  the  pulse  lagging  edge  is  en- 
countered. The  existing  5-^ole  Butterworth  filters  used  in  VECAS  have  a bandwidth 
of  only  1 MHz,  from  which  it  follows  that  the  combined  rise  and  settling  time  is  in 
excess  of  the  1 ^isec  pulse  width.  Therefore,  phase  measurements  must  be  made  in 
the  receiver  at  a point  ahead  of  the  1 MHz  filters  (which  are  exclusively  associated 
with  signal  processing  (Block  #7  of  Figure  3-  1 ) for  range  measurement  and  message 
data  acquisition).  IF  filters  dedicated  to  the  bearing  measurement  chaimels  would 
possess  broader  bandwidths  to  control  transient  decay  times . For  a specified  band- 
width, and  for  a given  number  of  poles,  the  rise  and  settling  times  Increase  in  the 
filter  order:  Bessel  (linear  phase)  Butte rworth-Chebyshev.  However,  the  rapidity 
of  roll-off  also  increases  in  the  same  order,  so  that  a trade-off  in  filter  type  selection 
will  be  necessary  to  minimize  the  error  due  to  a combination  of  transient  and  noise 
effects . 

Another  type  popular  in  IF  anq)llfler  applications  is  the  4-pole  double  tuned  filter  which, 
while  conveniently  amenable  to  closed-form  analysis  of  transient  effects,  also  provides 
a basis  for  assessing  the  magnitude  of  the  transient  phase  error  at  a condition  believed 
intermediate  between  extremes  posed  by  the  Bessel  and  Chebyshev  types.  Appendix  J 
presents  the  derivation  of  phase  perturbation  effects  in  synchronous  double-tuned  filters 
having  bandwidths  of  5 MHz  and  10  MHz.  Results  are  parameterized  also  for  several 
values  of  the  epoch  of  the  carrier  wave  as  referred  to  the  leading  edge  of  a rectangular 
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modulating  pulse.  Two  values  of  the  filter  damping  factor  that  are  compatible  with 
acceptable  overcoupled  ripple  magnitudes  of  the  filter,  are  Invoked  to  reveal  the  In- 
fluence of  filter  skirt  selectivity  on  the  transient  phase  error. 

Figure  3-44  shows  the  transient  phase  shifts  which  could  occur  in  a receiver  channel 
at  the  mid-band  frequency  of  an  overcoupled  double-tined  filter  having  a spacing  of  5 
MHz  between  its  response  maxima.  A particular  case  is  presented  in  which  the  leading 
edge  of  the  modulating  pulse  occurs  at  the  45“  phase  ^och  of  the  carrier,  the  transient 
phase  being  plotted  as  a function  of  the  interval  AT  between  phase  angle  observation  and 
the  time  the  leading  edge  enters  the  filter.  Curves  are  shown  for  damping  factors  of 
0.05  and  0.1.  At  any  given  observation  time  the  total  phase  measurement  error  caused 
by  the  transients  could  reach  a value  exceeding  the  value  shown  in  Figure  3-44  by  the 
magnitude  of  the  transient  phase  shift  simultaneously  occurring  in  the  other  channel  of 
the  dual-channel  receiver.  The  additional  phase  shift  will  depend  on  the  phase  epoch  that 
exists  for  the  carrier  in  the  second  channel  at  the  instant  of  leading  edge  impingement 
on  the  filter  in  that  channel,  but  will  be  in  the  same  order  as  that  in  the  aforementioned 
channel  for  AT  ^0.3  microseconds.  It  would  appear  from  Figure  3-44  that  even  with 
the  higher  damping  factor,  an  interval  in  the  order  of  AT  = 0.5  microseconds  must  be 
allowed  to  elapse  in  order  to  Insure  that  the  transient  will  have  decayed  sufficiently  to 
permit  phase  measurements  to  be  made  with  requisite  accuracy.  At  lower  damping,  as 
may  be  necessary  to  control  noise  levels,  practically  the  full  1 microsecond  of  measure- 
ment opportunity  is  apparently  lost  on  account  of  the  transient. 

Fortunately,  the  situation  is  rendered  considerably  less  critical  by  virtue  of  the  fact  that 
the  phase  epoch  would  be  a random  variable  uniformly  distributed  from  0“  to  360“  in 
phase.  Consequently,  the  transient  phase  error,  being  a function  of  the  phase  epoch  at 
a selected  AT  value,  is  also  random  and,  therefore,  the  variance  of  its  mean  value 
would  be  reduced  in  Inverse  porportion  to  the  number  of  measurement  samples  inte- 
grated to  give  a relative  bearing  measurement.  In  the  case  of  swept  bearing  determinations. 
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a further  reduction  of  4 to  1 is  effected  on  account  of  the  angle  conversion  factor  of  the 
H = 4 ring  array  antenna.  This  advantage  is  slightly  diminished  by  the  fact  that  both 
channels  contribute  to  the  random  error  v/hich  Is  thus  Inflated  by  a factor  of 

The  integration  process  when  applied  to  the  transient  phenomenon  introduces  a phase 
bias  whose  error  Influence  is  also  reducible  by  the  angle  conversion  factor  for  swept 
bearing  measurements.  This  bias,  e3q)ressed  in  terms  of  phase  measurement  error, 
is  plotted  versus  AT  in  Figure  3-45  for  the  case  of  the  double  tuned  IF  filter,  with 
various  combinations  of  bandwidth  and  damping  factor.  In  an  Ideal  situation,  whereby 
the  dual-channel  receiver  has  perfectly  symmetrical  characteristics,  the  same  bias 
would  occur  In  both  channels  and  Its  effect  would  be  nullified.  However,  it  must  be 

I 

assumed  that  incidental  differences  in  the  channels  parameters  will  cause  a residual 
bias  error  to  exist.  In  order  to  avoid  a lengthy  variability  analysis,  It  is  reasonable  to 
allow  for  a residual  of  40%  of  the  estimated  bias  In  one  channel  as  representing  the 
maximum  system  bias  error  effect  due  to  the  transients. 

The  conclusion  reached  In  this  analysis  Is  that  provision  should  be  made.  In  designing 
an  engineering  model  of  the  dual-channel  receiver  and  associated  bearing  measurement 
equipment,  for  effecting  an  adjustable  delay  of  phase  comparator  operation  by  the  In- 
terval AT  = 0.4  - Tg  + 0. 15  microseconds  beyond  the  Instant  that  the  pulse  leading 
edge  Is  sensed  at  the  interface  between  the  fUter  and  the  comparator.  In  this  egression 
for  AT,  T Is  the  group  delay  (In  the  order  of  0.15  microseconds  for  a 5 MHz  bandpass 

o 

section)  of  the  filter  causing  the  transient,  while  the  +0,15  microsecond  variability  term 
Implies  the  temporary  availability  of  delay  lines  having  that  range  of  adjustment  In  each 
channel.  The  correct  settings  of  the  delay  lines  would  be  established  on  a one-time  basis 
during  bench  tests  on  the  equipment,  and  fixed  networks  having  corresponding  delays  would 
be  substituted  for  the  delay  lines  In  subsequent  prototype  models . 

3,3.10  Phase  Variations  In  IF  Llmlter-Ampllflers 

The  phamp,  I.e, , the  change  of  phase  shift  with  signal  amplitude  In  multi-stage  llmlter- 
ampllfler,  must  be  suitably  bounded  in  order  to  control  bearing  measurement  errors  which 
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can  arise  within  the  dual-channel  receivers  represented  in  Figure  3-1.  Data  are 
lacking,  as  yet,  on  phamp  characteristics  pertaining  to  the  type  of  limlter-ampllfler 
employed  in  VECAS,  and  hence  its  qualifications  for  retention  in  the  bearing  subsystem 
are  questionable. 

Phamp  is  caused  by  relaxation  due  to  charge  storage  in  transistors  and  diodes.  Miller 
capacitance  variation  In  the  presence  of  reactive  coupling  or  terminating  networks,  and 
RC  time  constants  which  induce  bias  variations  as  a function  of  signal  level.  There  is 
a paucity  of  literature  on  (References  15  and  16)  phamp,  particularly  in  respect  to 
analytical  versus  experimental  results.  This  situation  is  understandable  in  view  of 
the  highly  nonlinear  nature  of  the  mechanism  causing  phamp.  However,  some  quan- 
titative data  and  commentary  have  been  supplied  by  RCA  specialists  in  monopulse  radar, 
who  are  confronted  with  the  utilization  of  limiters  in  systems  having  onerous  dynamic 
ranges  40  to  50  db  in  excess  of  that  arising  in  the  present  application.  There  experience 
shows  that  in  regard  to  typical  bandpass  limiters  having  60  MHz  center  frequency  and  20 
MHz  bandwidth,  the  differential  phase  between  the  outputs  of  two  such  limiters  when  ex- 
cited from  a common  signal  source  can  be  held  to  3 degrees  peak-to-peak  over  a dynamic 
range  of  -70  to  zero  dbm  in  the  input  level . The  transmission  phase  through  a particular 
limiter  could  shift  typically  in  the  order  of  20  degrees  over  the  same  dvnamlc  range,  but 
owing  to  the  tracking  afforded  by  a dual-channel  receiver  configuration  that  Incorporates 
a limiter  in  each  channel,  only  differential  phase  variation  is  of  consequence. 

Most  of  the  phase  variation  in  multi-stage  limiters  typically  occurs  during  the  last  10  db 
or  so  at  the  high  level  end  of  the  dynamic  range.  It  is  hjpothesized  that  this  effect  could 
be  ascribed  to  the  onset  of  saturation  conditions  in  the  final  stage  whose  output  Impedance 
changes  and  interacts  with  the  load  Impedance  to  produce  further  phase  variations . On 
this  assumption,  the  phamp  effect  could  be  substantially  reduced  in  the  present  Instance 
where  the  maximum  dynamic  range  is  only  30  db,  thus  permitting  the  final  stage  to  be 
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operated  in  its  linear  region  as  an  output  buffer.  Additional  error  mitigation  is  apparent 
in  the  present  application,  since  such  high  levels  will  normally  exist  at  target  ranges 
shorter  than  Tau  1 hazard  ranges  on  which  occasions  precise  bearing  measurements 
would  not  be  required. 

From  the  above  observations,  it  appears  reasonable  to  set  a design  goal  of  1 degree 
peak-to-^eak  for  the  differential  phase  variation  between  the  transmission  character- 
istics of  the  limiter  amplifiers  employed  in  the  bearing  measurement  system.  This 
goal  is  e^ressed  in  Table  3-1  by  the  antlc4>ated  maximum  bias  error  of  j^.S/n  degrees 
which  is  +0,13  degrees  when  bearing  measurements  are  made  using  the  H = 4 antenna 
array.  However,  some  reservation  should  be  maintained  when  accepting  this  low  error, 
in  that  the  error  estimate  assumes  equal  signal  levels  at  the  inputs  to  the  limiter-amplifiers 
whereas,  in  the  operational  environment,  the  levels  could  differ  by  several  db. 

This  discussion  of  the  phamp  effect  concerns  absolute  bearing  accurac}'  primarily.  Its 
influence  on  the  measurement  of  swept  bearing  would  be  insignificant  unless  substantial 
variations  in  level  differential  accompanied  the  angle  change. 

3.3.11  Effects  of  Interchannel  Phase  and  Delay  Imbalances 

3.3.11.1  Phase  Imbalance  (Bias  Error  Generation) 

When  the  phase  displacements  in  the  channels  of  the  dual-channel  receiver  are  unequal, 
the  resulting  interchannel  phase  offset  translates  directly  into  a systematic  or  bias 
bearing  error  on  a degree-to-degree  basis  when  a H = 1 ring  array  is  being  utilized  for 
DF  purposes.  The  error  is  reduced  in  inverse  proportion  to  the  H-number  for  higher 
order  ring  arrays.  However,  the  accuracy  of  miss  distance  determinations,  which  de- 
pend essentially  on  measurements  of  bearing  increments  (i.e.,  swept  beaidngs),  would 
not  be  adversely  affected  by  the  bias  error. 
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By  comparison,  the  crossed  axis  interferometer  performs  very  poorly  when  swept 
bearings  are  being  measured  In  the  presence  of  Interchannel  phase  Imbalance,  Appendix 
K indicates  that  tn  the  case  of  the  interferometer,  errors  of  up  to  50%  In  swept  bearing, 
and  hence  In  miss  distance,  are  possible  irrespective  of  ajdmuth.  Accordingly,  while 
phase  Imbalance  correction  would  be  essential  with  the  Interferometer,  regardless  of 
whether  it  is  used  for  absolute  bearing  or  swept  bearing  measurement,  such  corrective 
action  would  be  uimecessary  In  relation  to  ring  array  antenna  utilization  unless  accurate 
absolute  bearing  measurements  were  required.  This  consideration,  incidentally,  con- 
stitutes an  Important  trade-off  factor  tn  the  selection  of  an  optimum  antenna  configuration. 

An  Interchaimel  phase  offset  observed  during  a preflight  alignment  procedure  could  be 
readily  eliminated,  but  the  corrective  action  would  not  ensure  the  avoidance  of  offsets 
developing  subsequently  as  the  result  of  aging  effects,  mechanical  disturbances,  and 
environmental  factors  as  may  affect  the  channeling  equipment.  These  considerations 
apply  with  equal  force  to  long  runs  of  RF  coaxial  cable  If  Installed  in  the  aircraft  to 
connect  antennas  to  remotely  located  receiver  liq)Uts . The  Influence  of  temperature 
differentials  between  a pair  of  long  cables  extending  to  the  dual-channel  receiver  could 
be  highly  critical  as  is  Illustrated  by  the  following  example: 

Assuming  that  the  cables  are  constructed  with  solid  dielectric  to  Improve  mechanical 
stability,  it  is  found  that,  subject  to  conditions: 

Cable  pair  length  = 50  ft 

Dielectric  permittivity  = 2.2 

Frequency  ~ 1600  MHz 

Temperature  coefficient  of  permittivity  = 150ppm/°C 

a temperature  differential  between  the  two  cables  would  cause  a phase  offset  of  3, 3 
degrees  of  arc  per  deg^C.  Such  a great  temperature  sensitivity  would  probably  be  in- 
tolerable even  If  the  cable  were  of  the  twin  coax  type  to  minimize  temperature  differences. 
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One  possible  remedy  Is  to  locate  the  RF  and  IF  stages  of  the  receivers  In  close  prox- 
imity to  the  antennas  and  employ  the  long  cables  for  transmitting  the  first  or  second 
IF  signals,  the  center  frequency  of  which  would  typically  be  at  least  an  order  of  mag- 
nitude lower  than  the  RF  carrier.  Accordingly,  the  temperature  sensitivity  would  be 
reduced  In  the  ratio  of  RF  to  IF,  and  adequate  stability  would  then  sqjpear  achievable. 

For  many  airframe  structures  the  above  solution  may  be  unattractive  or  even  Inad- 
missible on  account  of  problems  In  accommodating  and  providing  maintenance  access 
to  receivers  collocated  with  the  antennas.  An  alternative  solution  would  Involve  con- 
verting the  H = 1,  4 antenna  switch  from  2-pole  to  3-pole  operation  so  allowing  Its  use 
for  repetitive  phase  checks  In  which  both  RF  cables  would  be  connected  In  parallel  to 
a common  antenna  port.  In  this  condition  the  phase  Imbalance  could  be  detected  or 
measured  by  built  in  test  facilities  and  woidd  be  automatically  compensated  either  by 
adjustment  of  a variable  delay  line  or  by  a computing  operation  In  the  bearing  data 
processor. 

In  the  case  of  the  ring  array,  but  not  the  biterferometer,  a simpler  technique  for  phase 
Imbalance  compensation  Is  feasible . By  means  of  a crossover  switch,  transpose  the 
two  channel  Inputs  of  the  dual-chaimel  receiver  at  the  mid  Interval  point  of  the  phase 
measurement  sequence  associated  with  a particular  bearing  observation,  and  compute 
the  mean  of  those  measurements.  If  the  transposition  were  effected  In  the  channel  paths 
at  points  ahead  of  cables  or  circuits  prone  to  phase  drifts,  and  if  the  process  were  care- 
fully designed  to  avoid  the  Introduction  of  significant  phase  shifts  on  its  own  account,  the 
averaging  procedure  would  eliminate  the  deleterious  Influence  of  the  imbalance  owing  to 
Its  change  of  sign  during  transposition. 


3.3.11.2 


Differences  (Random  Error  Generation) 


Random  errors  will  arise  from  the  existence  of  an  Inter-channel  group  delay  differential, 
owing  to  frequency  hopping  In  the  SECANT  signal  structure.  Thus,  for  a delay  difference 
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AD^  and  frequency  shift  Afj^  associated  with  the  ith  section  (RF  or  IP')  of  the  channels, 
the  phase  differential  over  all  n sections  is: 


n 

2 w L Af^  AD^  radians 
i = 1 

If  Afj  is  the  same  for  all  n sections  (as  in  the  case  of  the  present  VECAS)  then  A0 
is  simply  the  product  of  the  angular  frequency  shift  277  Af  and  the  total  delay  difference 
AD  between  the  channels. 

It  is  readily  shown  that  for  consistency  with  the  random  error  limit  denoted  as  a design 
goal  in  Table  3-3,  the  standard  deviation  of  A0  may  not  exceed  4.4° . A more  practical 
specification  is  rendered  in  terms  of  the  permissible  limit  to  the  channel  delay  difference 
AD.  Assuming  the  four  reply  frequencies  (P^,  P , Q^,  Q ) are  equ^Jrobable,  the  standard 
deviation  of  the  contributed  error  in  the  smoothed  (Integrated  62  pulse)  phase  measure- 
ment is  given  by: 


a(0)  = 


180  VT 

\f62 


AD  Af  (degs. ) 


where  ’ 

AD  = Delay  differential  between  chaimels 
Af  = Frequency  spacing  between  adjacent  reply  frequencies 


Af  = 7 MHz  in  the  design  plan  of  Section  5,0,  so  that  with  the  object  of  limiting  C(0) 
to  0.8®  maximum  (corresponding  to  0.2°  with  the  H = 4 ring  array  antenna,  as  entered 
in  Table  3-3)  the  following  condition  must  be  satisfied: 


AD  s 


62  X 0.8  X 10° 
180  /S  X 7 X lOa 


s 2,23  nanoseconds 
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Conforming  to  this  tight  differential  delay  toler ' ice  on  a long  term  basis  should  not  be 
difficult  since  it  is  anticipated  tha  the  groi^  lelay  of  the  receiver  (RF  and  first  IF  stages, 
but  not  including  external  cabling)  would  be  only  in  the  order  of  40  nanoseconds.  This 
viewpoint  is  valid  provided  no  frequency  hopping  is  allowed  in  the  second  IF  stages  . . . 
a condition  satisfied  by  the  design  plan  of  Section  5.0,  where  a single  second  IF  carrier 
of  3.5  MHz  is  indicated.  Difficulty  with  delay  differentials  In  cables  can  be  avoided  by 
collocating  receiver  front  ends  and  IF  stages  with  the  antenna,  or  can  be  satisfactorily 
minimized  by  installing  twin-coax  when  long  cable  runs  are  unavoidable, 

3.4  DATA  PROCESSING  CONFIGURATION  ANALYSIS  (TASK  2.3) 

This  section  derives  the  data  processing  algorithms  required  for  phase  measurement 
and  for  miss  distance  and  horizontal  bearing  computation. 

3.4.1  Phase  Measurement  Data  Processing 

3.4. 1. 1 Purpose 

The  overall  purpose  of  the  Phase  Measurement  Data  Processing  algorithm  is  to  generate 
the  required  smoothed  estimated  and  of  the  phase  displacement  occurring  at  the 
ports  of  the  H = 1 and  H = 4 antennas  from  the  phase  difference  measurements 
(j  = 1.2,  . . . 10),  and  0^^^^  (j  = 1,2,  . , .62  max. ),  respectively.  In  performing  this 
function  the  algorithm  accounts  for  0°/360“  (0/27r  radian)  discontinuities  among  a set 
of  measurements.  Identifies  and  rejects  outlying  data  points  resulting  from  residual 
fruit  pulses  and  noise,  and  determines  the  mean  values  of  all  accepted  data  points. 

A tally  is  kept  of  rejected  data  points,  which  when  found  excessive,  results  in  recycling 
the  algorithm  with  a new  reference  datum  on  the  assumption  that  the  previous  one  selected 
was  spurious,  i.e.,  "wild". 

3.4. 1.2  Description 

A two  section  flowchart  of  the  algorithm  is  shown  In  Figures  3-46  and  3-4  7.  Groups  of 
decision  and  operation  symbols  enclosed  by  the  chain-dotted  boundaries  pertain  to  0‘’/360‘’ 
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discontinuity  management  and  are  bypassed  in  the  initial  descriptive  matter  and  dis- 
cussed subsequently. 

The  algorithm  has  two  modes  of  operation:  one  for  the  data  acquired  with  the  H = 1 
antenna  (FLAG  A = 1 in  flowchart  symbol  #1, Figure  3-46)  and  the  other  for  the  H = 4 
antenna  (FLAG  A = 0 in  #2,  Figure  3-46).  While  the  latter  mode  is  the  more  Involved 
one,  it  employs  most  of  the  logic  associated  with  the  former.  In  either  mode  the  first 
phase  measurement  0^  originating  from  a given  antenna  is  selected  (#3  in  Figure  3-46) 
as  a preliminary  screening  reference  against  which  the  three  succeeding  measurements 
are  compared  and  stored  (#9  and  #10  in  Figure  3-46,  and  #il  and  #13  in  Figure  3-47)  in 
conjunction  with  0^  (#16  in  Figure  3-47)  provided  all  four  measurements  occur  within  a 
sector  of  ir/3  radians,  i.e. , T = +ir/6  (#3  in  Figure  3-46)  about  0^  . If  this  threshold 
criterion  is  not  satisfied  (#9  in  Figure  3-46)  the  reference  phase  measurement  is  advanced 
one  position  (#4  and  #5  in  Figure  3-46),  and  the  screening  process  is  reiterated  until  the 
criterion  is  met. 

At  this  juncture  tt.e  average  value  0 of  the  four  accepted  measurements  in  computed  (#17 
in  Figure  3-46)  for  provisional  use  on  FLAG  B = 2 (#27  in  Figure  3-47)  as  a flnni  refined 
screening  reference  for  all  10  H = 1 measurements,  and  as  an  Intermediate  reference  for 
all  62  H = 4 measurements.  This  second  screening  cycle  normally  flows  via  #26  in  Figure 
3—47 , #9  and  #10  in  Figure  3—46,  and  #12  and  #14  in  Figure  3—47;  and  is  followed  by  a new 
computation  of  0 (#17  Figure  3—47).  If  outliers  beyond  the  +T  limits  are  encountered  in 
the  second  screening  cycle  they  are  rejected  by  #9  in  Figure  3-46.  The  process  is  then 
resumed  via  #6  in  Figure  3—46,  and  accepted  measurements  are  counted  by  the  index  m 
(#10  in  Figure  3-46).  Excessive  rejection  of  data,  as  denoted  by  m < for  H = 4,  following 
completion  of  the  second  cycle  (#12  la  Figure  3-47),  is  assumed  to  indicate  selection  of 
an  invalid  screening  reference;  whereigion  the  complete  process  is  reinitiated  by  #11  in 

j 

Figure  3-^7  which  In  effect,  replaces  #3  in  Figure  3—46  and  selects  a new  preliminary 
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screening  reference  measurement.  In  the  absence  of  such  a rejection  condition,  and 
assuming  control  had  selected  the  H = 1 antenna  (FLAG  A = 1),  the  value  of  0 computed 
at  this  stage  is  outputted  as via  the  decisions  and  operations  of  #18,  #19,  #23,  #29, 
and  #30  in  Figure  3-47.  _ 

If  the  H = 4 antenna  has  been  selected  (FLAG  A = 0)  a refinement  of  the  threshold  T is 
computed  (#20  in  Figure  3-47)  during  the  second  cycle  in  terms  of  3 times  the  unbiased 
estimate  of  the  standard  deviation  of  the  M selected  measurements . Since  operations 
#19  and  #20  are  mutually  exclusive,  the  screening  process  enters  a third  cycle  (via 
fF23,  #24,  #25  and  #26  in  Figure  3-47)  in  which  the  computed  T is  the  screening  threshold. 
The  ensuing  third  computation  of  0 (#17  in  Figure  3-47)  then  becomes  the  desired  "best" 
estimate  of  the  phase  displacement  produced  in  the  H = 4 antenna,  which  estimate  Is 
outputted  by  the  action  of  #23,  #29,  and  #28  of  Figure  3-47. 

Flowchart  symbols  relating  to  correction  of  0“/360®  discontinuities  are  contained  within 
the  chain-dotted  outlines  of  Figures  3-46  and  3-47.  Both  the  reference  measurement  0^ 
and  the  measurement  under  test  0y^  are  examined  (Figure  3-46)  to  determine  whether 
they  lie  within  limits  of  radians  about  zero  phase  angle.  If  so,  both  are  augmented 
by  TT  radians  and  the  assignment  FLAG  C = 1 is  made  (#7  in  Figure  3-46).  If  one  or  the 
other,  or  both,  do  not  lie  within  +T,  no  action  is  taken  and  FLAG  C = 0 (#8  in  Figure 
3-46)  is  assigned.  Subsequent  processing  of  0 under  conditions  of  n augmentation  re- 
quires subtraction  of  tt  at  a suitable  point  in  the  flow  as  indicated  by  #21  and  #22  in 
Figure  3-47. 

Reduction  of  memory  requirements  of  the  processor  employed  for  the  algorithm  may 
be  realized  by  eliminating  storage  of  0^  (#16  in  Figure  3-47)  and  the  0^  (#10  in  Figure 
3-46),  which  is  permitted  when  computing  0 (#17  in  Figure  3-47)  and  s (#20  in  Figure 
3-47),  by  use  of  the  following  recursion  formulas: 

0 = j [(r-l)0r-i  +^r] 

s 
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In  which  r = 2,  3 m 


( and  where: 

y 

I 

I 

I 

» 

with 


= (Jin  #17 
\ = (Jj  in  #16 


Note  that  the  0^.  comprise  the  sequence  of  accepted  which  would  be  otherwise 
stored  as  in  #10. 


Also 

s = s in  #20 
m 

Sj  = 0 

3.4. 1.3  Comments  on  Algorithm  Requirements 

The  program  constants  in  #1,  #2,  #13,  #14,  and  #20  should  be  regarded  as  provisional 
and  subject  to  revision  as  a result  of  possible  design  changes  following  the  conclusion 
of  any  tests  that  may  be  undertaken.  Flexibility  of  program  modification  in  this  respect 
is  essential. 

The  algorithm  shall  not  be  activated  unless  external  control  logic  determines  that  10 
measurements  of  0.^,  and  from  56  to  62  measurements  of  0^  are  available  for  processing 
by  the  algorithm. 

3.4. 1.4  0 Computation  in  Block  #17 

The  wild  data  rejection  algorithm  finds  an  initial  estimate  of  the  correct  phase  angle  0 
from  the  mean  0 of  the  first  encoimtered  succession  of  four  (m  + 1,  and  m = 3 in  #16 
and  13,  respecitvely)  phase  measurements  0y  ^ 0j  ^ + 3.  s'^ch  that,  in 

general  terms 


I 

i 

i 
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(3.4-1) 


r 


|0j+k"^j  1^"^’  •■•8) 

i . e . , each  0 must  fall  within  +T  radians  of  0, . 

J + k j 

VVe  then  ask:  What  Is  the  probability  (pf)  that,  owing  to  wild  data,  a succession  of  s 
data  points  complying  with  Inequality  (3.4-1)  Is  not  found  among  r (n  ^ s)  Independent 
measurements  of  0?  Note  that  s = 4 and  n = 10  in  the  algorithm. 

Let  the  probability  that  0^  Is  a valid  (l.e.  not  "wild")  measurement  = p^,  and  select 
the  magnitude  of  the  acceptance  arc  2T  such  that  other  valid  measurements  fall  within 
limits  0j  + T and  0^  - T with  probability  very  closely  approaching  unity. 

Assume  "wild"  measurements  are  uniformly  distributed  over  27r  radians 

Now  Pj,  (wUd  measurement)  = p^  = 1 - Py  (3.4-2) 

Write:  Is  the  event  that  0j  ^ k ^ accepted 

B Is  the  event  that  0j  Is  valid,  l.e. , P (B)  = p^ 

W Is  the  event  that  a wild  measurement  Is  accepted 


Then:  P(W)  = 7 (3.4-3) 

and  P (Ak  |B)  = Py  + p^  ^ (3.4-4) 

From  3.4-3  and  3.4-4: 

P (Ak  I B)  = 1 -P^d  - ^ ) (3.4-5) 

Hence  the  joint  probability: 

P (Ak,  B)  = P (A^  [ B)  P (B)  (3.4-6) 


= [l-Pw(l-f  )1(1-Pw) 
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Pw  <<  1 we  may  write 


p,  = P(A^.  B)  2= 


[1  -Pw  (2  - -)1 


Evidently,  since  the  Aj^  are  Independent  the  probability  that  all  s-1  measurements 
are  accepted,  Jointly  with  the  condition  that  jlj  Is  valid.  Is  given  by; 


Pa  = Pi 


s-1 


(3.4-8) 


From  3.4-7  and  3.4-8 


P2  2=  [1  -pw(s-l)(2  - -)] 


(3.4-9) 


Thus  the  probability,  Pg,  that  a trial  denoted  by  the  sequence  of  s measurements  does 
not  satisfy  3.4-1  while  Is  valid.  Is  given  by  the  complement  of  Pg,  or: 


Pa 


Pw  (s-1)  (2  - -) 


(3.4-10) 


Assuming  that  wild  bearings  are  almost  certainly  due  to  undetected  fruit,  and  addressing 
worst  case  fruit  Interference  in  the  FAA  1982  LA  Basin  standard  traffic  model  (snapshot 


^3),  p^  will  correspond  to  p = 0.026  as  estimated  In  Section  3. 5.2.4.  Whence,  with 


s =4,  and  selecting  T = — : 

D 


Pa  (max)  ^ 0.026  x 3 (2  - -) 


2:  0.143 


Now  with  n = 10,  as  In  the  algorithm  (#1  In  Figure  3-46),  6 trials  to  obtain  an  Inltlsd  0 
can  be  made  before  all  ten  measurements  are  exhausted.  And  since  the  result  of  any 
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trial  is  independent  of  those  preceding  It,  the  probability  of  not  computing  0 la  = 
(0.l43f  = 8.6  X 10"*  even  under  worst  case  circumstances. 


With:  8 = 5,  pf  = 252  x lO"® 

or  with:  s = 6,  pj  = 3,230  x 10“® 

so  that,  although  the  estimator  0 is  improved  slightly  by  averaging  a larger  number  of 
measurements  than  4,  the  price  paid  in  increased  risk  if  not  computing  0 becomes 
rapidly  unacceptable.  An  offsetting  option  is  then  to  Increase  n beyond  10,  but  this 
measure  Imposes  added  cost  for  data  storage  and  longer  processing  time. 

3,4.2  Miss  Distance  and  Horizontal  Bearing  Data  Processing 

In  this  section,  a computational  procedure  is  provided  for  the  determination  of  horizontal 
bearing  angle  and  of  the  horizontal  component  of  projected  miss  distance . These  quantities 
are  obtained  from  sequential  measurements  of  range,  bearing  and  altitude  difference;  the 
bearing  measurement  being  that  defined  in  the  aircraft  wing  plane.  A detailed  derivation 
of  the  equations  is  presented  in  Appendix  L. 

Nomenclature 

Ah(tj)  = hg  - hg  = altitude  difference  with  respect  to  own  altitude;  (feet) 

j3(tj)  = bearing  angle;  angle  in  antenna  ground  plane  from  aircraft  longitudinal  axis  to 
projection  of  range  line;  measured  positive  clockwise 

R(tj)  = range,  own  aircraft  to  Intruder  aircraft;  (feet) 

0(tj)  = yaw  angle,  at  time  tj 

P(tj)  = pitch  angle,  at  time  tj 

r(t|)  = roll  angle,  at  time  t^ 

E(tj)  = elevation  angle  of  range  line,  determined  in  vertical  plane 
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c(t^)  = elevation  angle  of  range  line,  In  plane  containing  range  line  and  normal  to 
antenna  ground  plane 

= angle  between  range  lines  at  times  t^  and  tg 
Vj.  = magnitude  of  relative  velocity  vector;  (f.p.s.) 

= path  angle  of  V^, 

M = miss  distance;  shortest  range  to  Intruder;  (feet) 

Mjj  = horizontal  component  of  M;  (feet) 

My  = vertical  component  of  M;  (feet) 

At^g  = tg-tj,  estimation  time  Interval;  (sec's. ) 

tj  = time  at  which  /Sj  is  estimated  (mid  point  of  track  pulse  sequence);  1 = 1,2 

612JJ  = angle  between  horizontal  projections  of  and  Rg 

0g  = angle  between  horizontal  projections  of  range  line  and  aircraft  longitudinal 
axis 

Computational  Sequence: 

Inputs  Ah,  Ahg;  )|;  R^,  Rg 

^1’  ^3’  ^3’  ^3» 


1)  Find  sin  Ej^,  sin  Eg: 


slnE,  = (-^) 


sin  Eg  = (-^) 
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, 2)  Find  €3: 

= tan“^  cos  ^ sin  /S^  ];  0 ^ 1^1^ 
= sln"^  [sin  Ej  cos  0 ^ | ^ 90” 

02  = tan-’-  [P\  cos  ^ sin  /S^];  0 ^ \ ^2]^ 
Cg  = sln“’  [sin  Eg  cos  03]  “ ® ^ 1 ^ I ^ 

3)  Find  cos  613,  sin  613: 

t 

I cos  612  = cos  ei  cos  c,  cos  (^  - ^)  + sin  sin  fg 


- (02  - tif  cos  cos  fa  sin  {^-  Pi) 

+ (Pg  - Pj)  [ sin  Cj  cos  fg  cos  - sin  fg  cos  cos  /3i] 
+ (Tg  - r^)’'  [sin  fg  cos  sin  - sin  cos  fg  sin  ^g] 


quadrants  from  num.  and  den.  signs 


5)  Find  Vj.  Atj^: 


Vr 


- 2 R,  R3  cos  612 


6)  Find  M: 


M = ^ 


7)  Find  sin  y^: 


Ah,) 

Vp  Atj^ 


8)  Find  M 


M 


= Ahg  + slny^ 


9)  Find  Mpj: 


■h  ■ ±/i 


M„  = + ./M^  - 


Take  sign  of  6,3^ 
10)  Find  V^: 


^ (Vr  AW, 


1 
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11)  Find  M^: 


At  Tg  Alarm:  = 11, 200  + 4. 73 

At  Alarm:  = 1700  + 4. 14  V^,  for  Mrj^  > 3038  ft, 

= 3038,  if  < 3038 

NOTE:  Superscript  r,  on  angular  quantities,  means  that  the  angle 
is  to  be  inputted  in  radians . 

3,5  ACCURACY  ANALYSIS  (TASK  2,4) 

This  section  reports  on  the  results  of  the  theoretical  analyses  undertaken  in  Task  2.4 
to  provide  predictions  of  system  measurement  accuracies  in  relative  bearing  and  swept 
bearing. 

The  analysis  deals  quantitatively  with  random  and  systematic  errors  attributable  to 
eleven  contributing  sources,  and  shows  how  the  errors  may  be  combined  to  give  overall 
estimates.  Thus,  postulating  acceptable  physical  conditions  for  bounding  the  predominant 
random  error  due  to  local  multipath,  it  is  found  that  the  overall  (random  and  bias)  relative 
bearing  error  prediction  is  approximately  one  degree,  one  sigma.  Four  of  the  error 
sources  contribute  90%  of  the  overall  error;  and  as  few  as  two,  namely  multipath  and 
antenna  Imperfections,  contribute  70%,  A maximum  random  error  of  0,8  degree  one 
sigma  is  predicted  for  swept  bearing  measurements,  with  local  multipath  accounting 
for  over  70%  of  the  error. 

Section  3.5.1  provides  a summary  of  the  individual  error  allocations.  Each  is  briefly 
discussed  with  regard  to  sources  of  random  and  systematic  components  and  a reference 
is  made  to  the  section  of  the  report  where  a more  detailed  analysis  is  given.  This  section 


i 
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also  provides  the  rationale  for  computing  the  predicted  overall  error  In  relative  bearing 
measurement,  and  a discussion  of  possible  further  Improvement  of  accuracy  with  cali- 
bration of  the  antenna.  Section  3.5.2  Is  devoted  to  detailed  analyses  of  the  three  most 
significant  sources  of  error  In  the  measurement  of  relative  bearing  and  swept  bearing; 
namely,  local  multipath,  aircraft  attitude  effects,  and  fruit  Interference  In  dense  traffic 
environments . 

3.5.1  Error  Allocations 

3.5. 1.1  Estimates  of  Error  Contributions 

Table  3-3  sinnmarlzes  estimates  of  system  random  and  bias  errors  stemming  from 
anomalous  effects  which  were  Investigated  In  the  configuration  analyses  of  the  H = 4 
ring  array  antenna.  An  analysis  of  the  errors  associated  with  the  antenna  configuration 
Is  provided  In  Section  3.2  and  of  candidate  signal  processing  techniques  In  Section  3.3. 
Additional  error  estimates  are  derived  from  the  error  analysis  (Section  3.5.2)  and  from 
considerations  advanced  In  this  section.  The  Table  presents  Individual  estimates  of 
random  and  bias  (systematic)  errors  In  relative  bearing,  and  of  the  swept  bearing  errors. 
Assuming  statlonarlty , the  latter  errors  are  VT  times  the  random  errors  of  corresponding 
relative  bearing  error  components;  since  taking  the  difference  of  two  successive  relative 
bearings  to  obtain  the  Incremental,  (l.e. , swept  bearing)  eliminates  the  bias  component. 
However,  the  bias  component  of  the  multly)ath  error  Is  not  stationary  between  relative 
bearing  measurements  taken  several  seconds  apart.  Hence  the  swept  bearing  error  con- 
tributed by  multipath  must  be  estimated  by  times  the  rss  of  the  random  and  bias 
components . 

The  error  contributor  Items  In  the  first  column  of  Table  3-3  are  discussed  below. 

Item  1 - Propagation 

Tropospheric  propagation  errors  encountered  when  measuring  azimuth  In  the  microwave 
spectrum  have  not  been  previously  discussed  because  of  their  negligible  influence  in 
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TABLE  3-' 


ERROR  ANALYSIS  RESULTS 


ERROR 

CONTRIBUTING 

RELATIVE  ! 
ERROR  (i 

BEARING 
degs . ) 

SWEPT 

BEARING 

RELATED 

REPORT 

RANDOM 

do) 

BIAS 

! LIMITS  • 

(degs.lo) 
1 

Propagation 

0.005 

+ 0.1 

1 

0.007 

3.1.1 

Attitude  Variations 

0.15 

0 

0.21 

3.3.3,  3. 5. 2. 4 

Fruit  Interference 

0.20 

0 

0.28 

3.5.2. 3 

H“4  Ring  Array 
Imperfections 

3. 2, 4. 5 

(a)  Non-linearity 

0 

+ 0.5 

0 

(b)  Elevation  anomalies 

0 

+ 0.5 

0 

(c)  Reproducibility 

0 

+ 1.0 

0 

(d)  Boresighting 

0 

+ 0.1 

0 

i 

1 

Thermal  Noise 

0.23 

0 

0.32 

3.3.7 

Phase  Conparator 
Resolution 

0.017 

0 

0.02 

Phase  Transients 

0.022 

+ 0.03 

0.03 

3.3.9 

Phamp 

0 

+ 0.13 

0 

3.  3.10 

Intercheuinel  Phase 
& Delay  Imbalances  | 

0.20 

+ 0.5 

0.28 

3.3.11.1, 

3.3.11.2 

Quantization  Noise 

0.026 

0 

0.037 

Table  3.1-1 

1 

Local  Multioath 

! 

0.28 

+ .29 

0.57 

1 

2.3,  3.3.1, 
3.2,  3. 5. 2.1 

Total  Random 

Error  (la) 

0.485 

Est.  Std.  Deviation  of 

— 

A Priori  Bias  Error 

(.485^+.79^)^/^-0.93" (la) 


Eat.  of  Overall  Error 
In  Relative  Bearing 


respect  to  accuracy  requirements  indicated  by  the  present  study.  The  error  magnitudes 
shown  are  for  worst  case  environmental  conditions,  but  with  the  benefit  of  integration 
applied  to  the  random  error  component.  Barton's  (16)  treatment  of  the  subject  has  been 
followed  to  provide  the  essential  data  on  propagation  errors . 

Item  2 - Attitude  Variations 

An  analysis  of  relative  bearing  measurement  errors  due  to  unintentional  short  term 
departures  of  the  measuring  aircraft  from  a rectilinear  flight  path  appears  in  Section 
3. 5. 2. 4,  where  the  ARINC  specification  no.  417  for  autopilots  is  invoked  to  estimate 
residual  variations  of  yaw,  pitch  and  roll  remaining  after  corrective  action.  The  analysis 
shows  that  these  uncompensated  attitude  variations  cause  errors  in  bearing  measurement 
amounting  to  0.125®  (la)  by  yaw,  and  0.06®  (la)  individually  and  independently  by  pitch 
and  roll.  Hence  the  combined  relative  bearing  error  due  to  attitude  variations  is 
Vo . 125®  + + 0 . 06^  + 0 . 06^  = 0.15®  (Id)  which  appears  in  Table  3-3  . Drift  errors, 
which  would  Introduce  bias  errors  in  the  measurement  of  true  bearing,  for  example, 
do  not  effect  the  measurement  of  relative  bearing.  Consequently  the  relative  bearing 
bias  error  is  zero. 

Item  3 - Fruit  Interference 

The  random  error  given  in  the  table  pertains  to  a CAS  equipped  aircraft  exposed  to 
fruit  in  the  densest  traffic  region  of  the  FAA/MITRE  1982  LA  Basin  Standard  Traffic 
Model  (Snapshot  #3).  A uniform  random  distribution  of  fruit  in  azimuth  is  assumed, 
and  the  effect  of  wild  data  rejection  is  operative  in  phase  measurement  data  processing. 

In  view  of  the  linear  response  of  the  phase  measuring  system  to  bearing  magnitude,  no 
bias  error  can  arise  from  fruit  Interference . 

Item  4 - H = 4 Ring  Array  Imperfections 

Laboratory  measurements  (Section  3.2)  undertaken  with  the  e3q)erimental  H = 4 ring 
array  antenna  at  an  elevation  of  15®  above  the  ground  plane,  gave  azimuth  readings 
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which  exhibited  gradual  departures  of  up  to  +1°,  maximum,  from  the  rotational  angle 
applied  to  the  test  turntable.  Approximately  half  of  this  nonlinearity  Is  attributable 
to  anomalies  In  the  mlcrostrlp  antenna  hybrid  Junctions . The  anomalies  are  mechanical 
and  would  be  eliminated  in  production  versions  of  the  antenna.  The  residual  nonlinearity 
of +0.5",  maximum,  is  cyclic  in  azimuth  and  changes  by  an  insignificant  amount  over 
azimuthal  Increments  corresponding  to  typical  swept  bearing  values . Hence  nonlinearity 
introduces  a bias  which  is  to  be  accounted  for  only  in  respect  to  its  influence  on  the 
accuracy  of  relative  bearing  measurement.  Nonlinearity  in  the  H = 1 antenna  is  of  no 
concern  when  it  is  used  in  conjunction  with  the  II  = 4 antenna,  because  the  errors  are 
not  significant  in  respect  to  data  processing  whereby  quadrant  ambiguity  of  the  H = 4 
antenna  is  resolved. 

An  additional  bias  error  allocation  is  necessary  to  account  for  variation  of  evaluation 
angle  from  the  antenna  ground  plane  up  to,  say,  45".  It  Is  expected  that  by  optimizing 
the  antenna  design,  and  effecting  phase  measurements  between  two  modes  of  opposite 
polarity  available  with  a single  array,  the  bias  error  associated  with  elevation  angle 
change  can  be  held  to  limits  of  +0.5". 

By  virtue  of  extensive  experience  In  the  manufacture  of  a wide  variety  of  microwave 
antenna  types,  RCA's  antenna  skill  center  conservatively  estimates  that  reproducibility 
of  the  multimode  ring  array  antenna  could  be  such  that  differences  between  bearing 
performance  characteristics  of  production  versions  would  be  contained  within  a range 
of  2" . Accordingly,  a bias  error  of  +1.0",  maximum,  has  been  Included  In  Table 
3-3  to  allow  for  the  effect  of  dimensional  and  electrical  tolerances. 

A further  bias  error  component  of  +0.1"  is  shown  to  account  for  boresighting  the  elec- 
trical axis  of  the  antenna  in  parallelism  with  the  longitudinal  axis  of  the  aircraft.  Bore- 
sighting  to  this  order  of  precision  can  be  conveniently  achieved  without  resorting  to 
elaborate  methods  demanded  in  mechanically  aligning  airborne  weapons  with  high 
accuracy. 
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Item  5 - Thermal  Noise 


The  estimate  given  In  Table  3-3  for  the  random  relative  bearing  error  due  to  thermal 
noise  applies  for  a target  range  of  8 mni  which  is  the  maximum  hazard  range  corresponding 
to  initiation  of  a Tau  2 alert  (12)  at  a closing  speed  of  550  knots.  At  this  range,  and  for 
a bandwidth  of  6 MHz,  the  signal-to-noise  ratio  is  taken  as  18  db,  i.e. , approximately 
63  to  1. 

A basis  for  the  estimate  is  given  by  the  variance  equation  of  Figure  3-2  as  reproduced 
from  (5).  The  upper  schematic  of  Figure  3-2  is  applicable  because  the  zero  axis  cross- 
over phase  comparator  has  been  selected  in  the  present  study.  Since  it  is  reasonable 
to  assume  that  the  signal -to-nolse  ratios  would  be  the  same  for  both  channels  of  the 
receiver  we  can  write  (S/N)^  = (S/N)3  = S/N,  whereby  the  standard  deviation  of  the 
thermal  noise  error  for  the  zero  crossover  method  simplifies  to  Y l/(S/N)  radians. 

The  numerical  value  of  the  error  (as  entered  in  Table  3-3  ) is: 


= 0.23®  one  sigma  . 

The  first  factor  used  in  the  above  calculation  involves  the  signal -to-noise  ratio,  the 
second  the  62  pulse  integration  "uivantage,  and  the  third  the  error  reduction  effect  of 
the  H = 4 ring  array  antenna. 

Item  6 - Phase  Comparator  Resolution 

The  phase  comparator  configuration  described  in  Section  5 . 3 will  permit  phase  measure- 
ments to  be  made  with  a resolution  which  contributes  only  about  a 0,02  degree,  one  sigma, 
random  component  to  the  measurement  error.  This  low  error  is  realized  by  employing 
a 100  MHz  clock  combined  with  a 1 to  10  ramp  vernier  to  time  the  interval  between  suc- 
cessive zero  crossovers  detected  by  the  comparator,  thus  providing  a resolution  of  1 
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nanosecond.  Correspondingly,  at  the  planned  IF  of  3.5  MHz^the  phase  angle  resolution 
is  360  X 3. 5 X 10®  x 10-«  = 1.26*. 

Clearly,  the  error  caused  by  the  discrete  sampling  of  the  time  interval  has  a uniform 
distribution  so  that  its  standard  deviation  is  1.26/2^  = 0.36*.  Furthermore,  the 
combination  of  62  point  integration  and  H = 4 antenna  phase  magnification  results  in 
t an  additional  reduction  of  the  error  to  0. 36/(4/^)  = 0.012®  one  sigma.  However, 

two  crossovers  contribute  to  the  overall  error  effect  of  finite  resolution,  which  Is  thus 
0.012  xV^  = 0.017®  one  sigma. 

' Bias  errors  occurring  at  the  two  crossovers  are  equal  and  of  the  same  sign.  They 

cancel  as  a result  of  the  subtraction  involved  in  obtaining  the  phase  measurement. 

t 

f Item  7 - Phase  Transients 

I Worst  case  random  and  bias  errors  due  to  phase  variations  in  the  pulse  responses  of 

receiver  IF's,  were  estimated  as  follows: 

Figure  3-44  shows  that  for  a damping  factor  of  0.1,  and  at  AT  = 0.25  microseconds, 

• viz.  the  earliest  instant  at  which  phase  measurements  would  be  enabled,  the  maximum 

phase  transient  per  channel  is  1.2®  approximately.  Since  we  are  concerned  with  the 
, phase  difference  between  two  channels,  the  maximum  transient  departure  is  2.4®.  Now 

assuming  the  actual  departure  has  a uniform  density  function,  its  standard  deviation  is 
2. 4/(2 /T)  = 0.69®.  As  a result  of  62  pulse  integration  and  4X  phase  amplification  by 
the  H = 4 antenna,  the  random  error  In  relative  bearing  contribution  is  reduced  to  0.69/ 
(4/62)  = 0.022“  one  sigma. 

Figure  3-45  indicates  a maximum  bias  error  of  0.3®  at  AT  = 0.25  microseconds  when 
the  filter  damping  factor  Is  0.1.  Using  the  arbitrary  reduction  factor  of  40%  as  suggested 
in  Section  3.3.9,  the  net  maximum  bias  error  between  a pair  of  channels  is  0.3  x 0.4  = 
0.12*.  Finally,  the  H = 4 antenna  causes  a further  reduction  of  4 to  1 leaving  a residual 
bias  of  0.03® . 


Item  8 - Pbamp 

A design  choice  (Section  5.2)  of  3, 5 MHz  for  the  second  IF  In  the  receiver  phase  chan- 
nels is  much  lower  than  that  of  the  VECAS  receiver.  Consequently  the  severity  of 
amplifier  phase  shift  as  a function  of  signal  level  Is  considerably  mitigated,  and  there 
should  be  no  difficulty  of  operating  within  the  design  goal  of  0.13®  (Section  3.3.10)  for 
the  bias  error  due  to  the  effect  when  the  H = 4 antenna  Is  being  utilized. 

Item  9 - biterchannel  Phase  and  Delay  Imbalances 


By  using  automatic,  built-in  means  for  periodically  sensing  the  correcting  any  gradual 
degeneration  of  phase  equality  between  both  channels  of  the  dual  channel  receiver,  no 
difficulty  should  be  encountered  in  limiting  phase  drifts  of  one  channel  with  respect  to 
the  other  to  +2*.  Reflected  Into  relative  bearing  measured  with  the  H = 4 antenna,  the 
limiting  phase  departure  translates  Into  a bipolar  bias  error  of  0.5®  maximum. 

Regarding  the  random  error  component  caused  by  frequency  hopping  in  the  presence 
of  Incidental  phase  delay  unbalance,  the  discussion  of  the  effect  In  Section  3.3. 11,2 
is  pertinent.  It  assures  that,  with  the  phase  amplification  provided  by  the  H = 4 antenna 
and  the  additional  advantage  of  data  Integration  by  62  pulses,  the  error  can  be  limited 
In  practice  to  a maximum  of  0.2  degree  one  sigma. 

Item  10  - Quantization  Noise 


An  estimate  of  the  error  to  be  e3q)ected  from  digital  encoding  of  the  relative  bearing 
data  Is  simply  calculated  on  the  basis  of  a uniform  density  function  for  the  encoding 
instant.  Thus,  using  a twelve  bit  word  to  represent  the  full  360®  range  of  relative 
bearing,  the  standard  deviation  of  the  random  quantization  error  Incurred  when  measuring 
relative  bearing  Is: 

360  1 

= 0.0254® 
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QuaiiLization  of  the  phase  measurement  data  prior  to  bearing  determination  is  specified 
by  means  of  a 9 bit  word  for  the  full  360°  range  of  phase  angle.  But  owing  to  the  amelio- 
rative effect  of  integration  combined  with  the  phase  amplification  of  the  H = 4 ring  array 
antenna  the  associated  relative  bearing  error  has  a standard  deviation  of  only: 


CJa(B)  = 


360 


512  ^ 2V1T  ^ 7^ 


1. 

4 


= 0.0032‘ 


Hence  the  combined  quantization  error  may  be  estimated  by 


^0.02542  + 0.00322  = 0.0256° 


Item  11  - Local  Multipath 


The  error  caused  by  multipath  will  depend  on  the  geometry'  of  the  reflecting  surface 
relative  to  the  transmitter  and  to  the  receiving  antenna  array.  Because  this  geometry 
varies  with  installation  conditions,  the  multipath  error  component  of  the  overadl  error 
will  be  a variable . A more  practical  approach  to  error  analysis  is  to  bound  this  error 
component  to  a value  which  permits  the  overall  error  to  meet  its  required  value  of  0.8* 
one  sigma.  The  geometry  limitations  applicable  to  the  boundary  value,  if  practical  and 
realizable,  can  then  be  specified. 


When  considering  the  multipath  geometry  affecting  a forward,  top  mounted  DF  antenna 
on  an  aircraft  in  the  Boeing  707  class,  for  example,  no  reflecting  surface  other  than 
the  fuselage  on  which  the  antenna  is  mounted  can  be  within  closer  llne-of-sight  proximity 
than  150  inches,  assuming  that  other  antennas  are  mounted  outside  this  range.  Now, 
following  the  analysis  of  Section  3.5.2. 1.5;  and  in  particular,  referring  to  the  graph 
of  Hgure  3-70b  for  the  frequency  set  B;  it  is  seen  that  the  swept  bearing  error,  caused 


1 


J 


3-115 


r 


by  a reflector  having  a reflection  coefficient  of  about  0.05  and  separated  from  the 
antenna  by  150  Inches,  is  0.57“  one  sigma.  f\irthermore,  the  error  first  diminishes 
at  greater  separations,  goes  through  a minimum  of  0.1“  one  sigma,  and  at  a separation 
of  730  Inches  reaches  a value  of  0.57“  again.  The  latter  error  magnitude  Is  Important 
because  the  root-sum-square  of  It  and  all  other  swept  bearing  error  contributions 
(ltemsl,2,3,  5,6,  7,9  and  10)  is  an  overall  error  of  0.8“  one  sigma  which  is  a magnitude 
found  acceptable  by  the  conclusions  of  Section  2.3.4  concerning  the  reduction  of  un- 
necessary pilot  alarms.  The  0.57“  error  magnitude  Is,  therefore,  entered  for  Item 
11  as  an  allocated  error. 

An  analysis  (Appendix  L)  of  an  antenna  pattern  for  a top  movmted  monopole  on  a Boeing 
707  indicates  that,  except  for  the  vertical  stabilizer,  no  major  reflecting  surface  which 
is  exposed  to  the  antenna  possesses  a reflection  coefficient  significantly  in  excess  of 
0.05.  Hence  It  Is  reasonable  to  expect  that  an  optimal  location  can  be  found  for  the  top 
antenna,  In  the  sense  that  no  reflector  in  a range  of  150  to  730  inches  from  the  antenna 
will  produce  a multipath  error  greater  than  0.57“  one  sigma.  This  conclusion  would  be 
reinforced  If  the  effect  of  the  evidently  worst  offender,  namely  the  vertical  stabilizer, 
were  minimized  by  locating  the  antenna  about  40  ft.  from  It  so  as  to  derive  the  fullest 
error  reduction  (approximately  5 to  1)  Indicated  at  the  trough  of  the  curve  In  Figure 
3-70b  for  frequency  set  B . 

3.5. 1.2  Estimate  of  Overall  Error  In  Relative  Bearing 

In  view  of  the  large  measurement  sample  size  of  iq)  to  62  points  and  of  the  Central 
Limit  Theorem,  the  total  random  error  (Item  12  of  Table  3-3)  in  relative  bearing, 
representing  the  root-sum-squared  value  of  contributing  Items  1 through  li,  will 
approach  a normal  distribution  even  when  the  probability  density  functions  of  the  several 
Individual  error  contributors  are  markedly  non-normal.  The  standard  deviation  of  the 
total  random  error  Is  0.485“. 

In  the  case  of  bias  (or  systematic)  errors  b^,  bg, bj^,  only  the  positive  and  negative 

limits  _+Bi,  j^Bg,  +Bjj  between  which  each  bj  can  lie  are  predictable  since  no 

3-1. 


before  the  fact  knowledge  (as  from  calibration  data  on  a particular  system)  of  their 

n 

actual  individual  or  total  (brj,  = L b^)  values  is  available.  Hence,  for  the  purpose 
of  characterizing  the  a priori  distribution  of  b-p,  it  is  legitimate  to  treat  the  bj  as 
random  variables.  l’\irthermore,  there  is  reason  to  believe  that  each  bj  assumes  any 
value  between  the  limits  +Bj  with  equal  probability.  Accordingly,  by  the  relationship 
for  the  standard  deviation  of  a uniform  density  function: 

and,  therefore,  the  standard  deviation  of  b-p  is  estimated  by: 


“CTlbrp)  = 


1=1  ^ 


Using  the  Bj  values  shown  in  the  column  "BIAS  (SYSTEMATIC)  LIMITS"  of  Table  3-3 
for  Items  1,  4,  7,  8 and  9 the  computed^  (bp.)  = 0,79* . 

Now  the  overall  error  in  relative  bearing  can  be  estimated  from  the  square  root  of 
the  summed  variances  of  the  above  total  random  error  and  the  total  a priori  bias  error. 


c = VO. 485=  + 0.792 
B ^ 


= 0.93  degree  one  sigma 


3 . 5 . 1 . 3 Overall  Error  Estimate  With  Calibratlcm  Corrections 


Reduction  of  the  overall  error  could  conceivably  be  accomplished  by  means  of  a factory 
calibration  of  the  antenna.  This  procedure.  Including  the  appropriate  utilization  of  its 
results,  would  be  beneficial  only  in  respect  to  minimizing  the  rather  substantial  in- 
variant bias  errors  stemming  from  antenna  nonlinearity  (Item  4a)  and  from  antenna 


3-117 


reproducibility  limitations  (Item  4c).  Assuming  this  were  done  and  produced  irreduc- 


ible bias  errors  of  the  order  J_0. 15"  and_+0.3*,  respectively,  the  estimated  standard 
deviation  of  the  a priori  bias  error  (Item  13)  would  contract  to  0.5",  and  the  overall 
relative  bearing  error  (Item  14)  to  0.7".  Little  benefit  would  accrue  to  the  accuracy 
of  swept  bearing  error  from  the  calibration  action,  and  so  it  is  doubtful  whether  the 
Improvement  of  relative  bearing  accuracy  would  be  justifiable  in  view  of  the  expense 
in  acquiring  the  calibration  data,  and  the  complication  of  correcting  measurements 
with  it  during  in-flight  data  processing.  Nevertheless,  there  remains  the  prospect 
that  a production  version  of  the  antenna  could  be  designed  with  preset  trimming  de- 
vices whereby  deleterious  effects  of  antenna  imperfections  would  be  intrinsically 
compensated  during  factory  test  and  alignment  procedures.  Error  reduction  of  the 
order  indicated  above  would  then  be  realizable  without  further  burden  on  data  storage 
and  processing  in  the  airborne  equipment. 

3.5.2  Major  Error  Contributors  - Summary  of  Analyses 

This  section  provides  theoretical  analyses  of  error  sources  external  to  the  receiver 
equipment.  Error  effects  from  some  of  these  sources  attain  no  benefit  from  integration 
of  pulse  samples.  Furtheinnore,  these  externally  caused  effects  are  not  attenuated  by 
reason  of  the  H = 4 antenna  phase  amplification.  The  error  effects  treated  are  ripple 
nonlinearity  due  to  the  finite  number  of  monopoles  in  the  H = 4 mode  ring  array  (Section 
3. 5. 2. 1.2);  local  multipath  for  the  H = 4 mode  (Sections  3.5.2. 1.3  through  3.5.2. 1.5); 
ripple,  and  local  multipath  for  the  H = 1 mode  (Section  3. 5.2. 2);  fruit  (Section  3. 5. 2. 3); 
and  aircraft  attitude  influence  (Section  3. 5. 2.4). 

For  the  H = 4 antenna,  the  deviation  of  phase  difference  measurement  from  linearity, 
with  respect  to  bearing  angle,  was  shown  to  be  negligible.  Using  the  mathematical 
model  of  a vertical  plane  reflector,  which  produces  indirect  EM  reception  at  the  antenna, 
multipath  effects  were  investigated.  By  employing  (random)  frequency  diversity,  and  by 
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taking  cognizance  of  the  variability  of  initial  bearing  and  swept  bearing  values,  the 
rma  value  of  mean  error  in  swept  bearing  was  determined  to  be  not  more  than  .6“, 
for  expected  values  of  antenna-to-reflector  spaclngs. 

The  multipath  error  for  the  H = 1 antenna  was  also  explored.  Using  the  same  reflector 
model,  at  reasonably  expected  spacing  and  for  the  frequency  set  selected,  the  peak  mean 
^over  frequency)  bearing  error  is  5.6“,  of  which  nonlinearity  (ripple)  contributes  a peak 
error  of  2. 3“ . It  was  not  considered  necessary  to  analyze  the  statistical  effect  of  the 
variability  in  bearing  angle  Itself,  for  the  Mode  1 analysis  of  multipath  effect,  since 
the  peak  mean  error  has  an  acceptable  value  for  PWI  operation  or  for  the  ambiguity 

resolution  function. 

Fruit  signals  that  are  not  detected  and  discarded  by  the  logic  available  in  the  SECANT 
message  processing  circuitry  can  cause  the  appearance  of  "wl’d"  bearing  data  which, 
in  general,  are  distributed  over  360*  in  azimuth.  The  analysis  given  below  permits 
estimates  of  the  resulting  error  due  to  fruit,  with  particular  reference  to  the  densest 
region  of  the  FAA/MITRE  1982  LA  Basin  Standard  Traffic  Model  (Snapshot  #3).  An 
order  of  magnitude  reduction  in  the  error  is  shovm  to  be  attainable  by  application  of 
the  vlld  data  rejection  algorithm  described  in  Section  3.4.1. 

An  analysis  of  the  effect  of  the  neglect  of  attitude  angle  compensation  in  the  determination 
of  horizontal  miss  (Appendix  L)  was  made.  It  was  ascertained  that  the  accuracy  in  this 
determinator  (and  therefore  the  efficiency  of  the  hazard  discriminator  in  the  reduction 
of  false  alarm  probability)  would  be  significantly  Impaired  if  compensation  were  not 
afforded.  Assuming  attitude  angle  measurements  at  the  mid  point  of  bearing  sample 
set,  residual  attitude  error  sensitivity  effects  on  horizontal  miss  and  horizontal  bearing 
were  analyzed.  Acceptable  one  sigma  values  have  been  selected,  as  a consequence  of 
this  analysis,  and  are  .13*  In  yaw  measurement  and  .3*  In  pitch  or  roll  measurement. 
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3 . 5 . 2 . 1 Ripple  and  Multipath  Errors 

I 

3. 5.2. 1.1  Abstract  and  Summary  ' 

I 

Ripple  error  Is  defined  as  the  deviation  of  measured  phase  angle  fron.  linearity,  with  j 

respect  to  bearing  angle.  This  error  Is  much  reduced  by  utilizing  more  elements  In 
the  ring  array  and  operating  at  higher  mode.  The  16-element,  Mode  4 antenna  Is 
analyzed  herein,  and  Is  found  to  produce  negligible  ripple  error. 

Derivations  have  been  developed  for  the  multipath  Interference  error  caused  by  a 
vertical  plane  reflector.  In  the  SECANT  system,  the  reply  pulse  carrier  frequency 
varies  randomly  among  four  possible  values;  and  62  Independent  phase  difference 
measurements  are  made  and  averaged  to  obtain  a bearing  estimate.  The  mean  error 
In  the  average  Is  taken  as  most  probable  value,  with  respect  to  the  frequency  set.  It 
Is  shown  that  Increasing  the  spread  of  the  frequency  diversity  produces  a significant  Improve- 
ment In  the  mean  error,  especially  over  the  range  of  expected  antenna-to-reflector  spacings. 


Considering  the  randomness  of  both  Initial  bearing  and  subsequent  swept  bearing  values. 
In  a conflict  situation,  an  expected  value  of  the  mean  multipath  error,  with  respect  to 
those  random  variables,  can  be  defined.  It  Is  shown  that  on  an  rms  basis,  the  multi- 
path  error,  for  the  proposed  frequency  set,  is  less  than  ,6®,  over  the  expected  range 
of  antenna-to-reflector  spacings . 

3, 5. 2. 1.2  Ripple  Error  Analysis 

Figure  3-48  Is  a representation  of  a ring  array  of  16  antenna  elements  mounted  normal 
to  the  plane  surface.  Taking  element  1 as  reference,  let  the  difference  In  path  length 
between  the  advancing  signal  wave  front  Impinging  at  element  1 and  that  at  any  other 
element  j be  denoted  ^ . From  Figure  3-48a 


Zjj  = d^j  cos  [ 180  - 0 - (90  - 
= 2r  sln^  sin  (0  - -^  ) 


)1 


(3.5-1) 
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where 


r = radius  of  ring  array 

= central  angle,  from  element  1 to  element  j 
0 = bearing  angle  of  direct  signal 
For  m = 16  elements , 

S = (J  - ^ = <3  - 22.5“  (3.5-2) 

j = 2 to  16 

In  addition  to  the  phase  lead  (or  lag)  due  to  path  length  difference,  each  element  has 
its  signal  delayed.  In  mode  4,  by  an  amount 

27r(j  - 1)  - 

X 4 = — (1-1);  radians 

m 2 

Let  the  potential  at  element  1,  due  to  the  direct  wave,  be 

e^  = cos  tot  (3.5-3) 

whereto  = 27rf,  and  f is  the  carrier  frequency.  Then  the  potential  received  at  element 
j,  after  delay  and  transmission  to  a common  port.  Is 

e^'  = cos  [tot  + y | 1 

= Ej  cos  [Cl  + aj  + bj]  (3.5-4) 


where: 


X = c/f;  c = 3 X 10^°  cm/sec 
Cl  ^ wt 

Ej  = [ sin  sin  6 - (1  - cos  cos  0] 


bj  = (J-1) 


The  vector  sum  of  all  signals,  from  elements  1 through  16,  is 


m m 

e = Oj^'  + E e ' = Ej  [cos  Ci  + E cos  (Cj  + a.  + b.)] 
j =2  J j = 2 ^ ^ 


16 


16 


= E 


1 + E cos  (a.  + b ))  cos  Ci  - sin  Ci'S  sin  (a.  + b )] 
1j=2  J=2  ^ ^ 


EjN  cos  ($  + Cl) 


where: 


f 


16 


16 


N = M 1 + E cos  (a.  + b )]2  + [ E sin  (a  + b )] 
I j_0  ^ J 1—0  J J 


1/2 


J =2 

/ 

16 


j =2 


E sin  (a  + b ) 

* - 

1 + E cos  (a.  + b ) 

J = 2 ^ ^ 
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(3,5-5) 


(3.5-6) 


(3.5-7) 


The  phase  of  the  combined  signal  is  compared  with  the  received  signal  at  the  center 
element  0,  to  obtain  a measure  of  the  bearing  angle.  From  Figure  3-48b,  the  signal 
at  element  0 Is  spatially  delayed,  relative  to  that  of  element  1,  by  the  path  difference 
r cos  8,  so  that 

2itr 

eg'  = Ej  cos  [cot  - cos  8] 

= Ej  cos  Co  (3.5-8) 

Taking  the  difference  of  the  phase  angles  given  by  equations  3.5-5  and  3.5-8 

+ C1-C0  = * + (3.5-9) 


By  analyzing  equation  3.5-9  for  8 = 0,  22-1/2',  45'  67-1/2“  and  90'  (since  at  these 
values,  ripple  error  theoretically  vanishes)  It  was  determined  that  the  bearing  angle 
estimate  Is  given,  for  mode  4,  by 

o X ^ 1^80  ^5  .r  . 

8 (degrees)  = = — A (3.5-10) 

where 

= 27r  - [»  + ] (3.5-11) 

The  deviation  of  8 (In  the  absence  of  any  other  errors)  from  Its  true  value  (l.e. , the 
deviation  from  linearity)  Is  defined  as  ripple  error 

d8^  = 8 - 8^ 

where  subscript  t denotes  true  value. 
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The  phase  angle  given  by  equation  3.5-9  Is  automatically  determined  by  the  phase 
comparator  of  the  receiving  system.  A possible  ambiguity  exists  in  distinguishing 
between  0*  and  360*.  For  the  purpose  of  analysis,  however,  an  inverse  tangent 
function  (equation  3.5-7)  must  be  evaluated.  This  can  assinne  one  of  three  possible 
values  (Figure  3-49); 

= Arg.;$  = 180  + Arg. ; 4 = - (180  - Arg. ) 

It  was  ascertained  by  means  of  the  d6j.  = 0 analysis  previously  mentioned,  that  the  | 

proper  quadrant  determination  Is  given  by  the  following  rule:  ' 

) 

= 0,  ^ = 0 I 

= +,  $ in  quadrant  I | 

j 
! 

= -,  4 in  quadrant  II,  for  0 ^ 0 s 45* 

$ in  quadrant  IV,  for  45®  s 0 ^ 90® 

0 s ^ 77,  for  0 ^ 0 < 45® 

- I s £ I , for  45®  ^ 0 < 90® 

^ £t 

Table  3-4  shows  a computer  printout,  executed  in  double  precision,  for  the  ripple  error. 

The  radius  r = 5";  X corresponds  to  a nominal  frequency  of  1600  megahertz,  so  that 

„ 3 X 10“  1 

-^nom.  1600x  10®  2.64  ' 

The  error  is  cyclic,  with  a period  of  22.5°;  zero  crossings  occur  at  increments  of  11-1/2®. 

The  magnitude  of  maximum  and  minimum  values  is  .00057®,  virtually  negligible. 


If 


If 


If 


Si 


1+^ 

Si 

1 + &, 
Si 

1 + S, 


That  is. 
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RIPPLE  ERROR  AT  1600  MHz 


:;-!5  0 - 

F=16Ci0.D0 

/ft/ A' 

R=5.D0 

THLD=0.D0 

THHI=90.D0 

THIMC=1 .DO 

6 

0.00 

-0.0000000-* — 

1 .00 

- 0 . 0001575 

4^.00 

-0.0001575 

£.00 

-0.00030£8 

47.00 

-0.0003028 

3.00 

-0.0004£47 

48.00 

-0.0004247 

4.00 

-0.0005136 

49.00 

-0.0005136 

5.00 

-0,. 00  05638 

50.00 

-0.0005628 

6.00 

<^.00056^3:) 

51.00 

C-O.0t>05653i 

7.00 

- 0.0005399 

52.00 

-0.0005299 

3.00 

-0.0004503 

53.00 

-0.0004503 

9.00 

-0.0003359 

54.00 

-0.0003359 

10.00 

-0.0001955 

55.00 

-0.0001955 

11.00 

-0.0000399^.  o 

56.00 

-0.0000399^ 

1£.00 

0.0001138 

57.00 

0.0001188 

13.00 

0.0002683 

58.00 

0.0002683 

14.00 

0.0003970 

59.00 

0.0003970 

15.00 

0.0004949 

60.00 

0.0004949 

16.00 

0 . 0M5545 

61.00 

0.0005545 

17.00 

(f070O0571  D 

62.00 

^^0005711:: 

13.  Ot) 

0.0005435 

63 . 00 

0.0005435 

19.00 

0.0004738 

64.00 

0.0004738 

£0.00 

0.0003673 

65.00 

0.0003673 

£1.00 

0.0002324 

66.00 

0.0002324 

££.00 

0.0000795 

67.00 

0.0000795 

£3.00 

-0.0000795 

68.00 

-0.0000795 

£4.00 

-0.0002324 

69.00 

-0.0002324 

£5.00 

-0.0003673 

70.00 

-0.0003673 

£6.00 

-0.0004733 

71  .00 

-0.0004738 

£7.00 

-0.0005435 

72.00 

-0.0005435 

£8.00 

50. 000571 P 

73.00 

C^.OQOS^ 

£9.00 

-0.0005545 

74.00 

-0.0005545 

30.00 

-0 . 0004949 

75.00 

-0.0004949 

31 .00 

-0 . 0003970 

76.00 

-0.0003970 

3£.00 

-0.0002683 

77.00 

-0.0002683 

33.00 

-0.0001188^^ 

78.00 

-0.0001188^  ^ 

34.00 

0.0000399 

79.00 

0.0000399 

35.00 

0.0001955 

80.00 

0.0001955 

36.00 

0.0003359 

81.00 

0.0005359 

37.00 

0.0004503 

82.00 

0.0004503 

38.00 

0.0005299 

! 33.00 

0.0005299 

39.00 

J0.00056S37 

84.00 

C0.d00568j^ 

40.00 

0 . 0005628 

' 85.00 

0.0005628 

41 .00 

0.0005136 

86.00 

0.0005136 

4£.00 

0.0004247 

87.00 

0.0004247 

43 . 00 

0.0003028 

88.00 

0.0003028 

44.00 

0.0001575 

89.00 

0.0001575 

45.00 

-0.0000000  <.  - 

90.00 

-0.0000000  - 
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In  the  operating  system , bearing  measurements  are  made  every  millisecond  over  a 
span  of  61  milliseconds.  At  each  measurement,  one  of  four  possible  frequencies  may 
be  employed,  the  selection  being  purely  random.  Denoting  measurements  containing 
rlj^le  error  only  by  subscript  t,  the  value  at  the  mid  point  of  the  block  of  measure- 
ments (assuming  constant  bearing  rate)  is  given  by  the  average  over  the  time  interval: 

-‘I  1 1 

® = 4^ave=i^^^^lJ 


The  error  in  this  average  is 


de  = 


At 


ave 


- 0t  = 


S Atj 

4.62 


At 


t 62 


- 0t  f 


62 


where  d is  the  error  In  the  1^^  determination . Assuming  stationary  statistics  over 
the  sampling  interval  of  62  milliseconds,  the  probabilistic  mean  error,  d0j[,  is  constant 
over  that  interval . Taking  expectations , 

JWl 


n 


d^  = 


62 


= dOj  = 


dQk 


n 


where  n,  usually  4,  is  the  number  of  possible  frequencies,  each  equally  likely  to  occur, 
at  any  given  sampling  Instant.  But 

Atk 


de^  = 


- e. 
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Whence 


n 

E 

k = 1 4 


- e. 


n 


or,  the  mean  ripple  error  in  the  average  is 


d6^  (deg's)  = 57. 


In  this  equation,  for  each  frequency. 


2958 


E 

k = 1 
4n 


-6! 


27r  r cos  0 , 

V " ' *‘k  " Xfe  ' 


where 


= tan“^ 


(3.5-13) 


Since  the  operating  frequencies  are  near  the  nominal  1600  MHz  value,  with  a total  spread 
of  not  more  than  30  MHz,  it  would  be  e:jq)ected  that  d6j,  would  attain  essentially  the  same 
value  as  for  the  single  nominal  frequency . This  Is  borne  out  by  the  various  computer 
runs  made,  in  which  d9j,  was  computed  as  part  of  an  overall  multipath  error  program. 
The  results  of  these  runs  wUl  be  discussed  subsequently.  Peak  d6j.  was  not  more  than 
. 0006  degrees . 
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A standard  deviation  (sigma)  of  the  ripple  error,  in  the  time  average,  can  be  obtained 
as  follows.  Over  62  sample  points,  assuming  uncorrelated  measurements,  we  have 


I 

I 

1 

I 

\ 


where  it  has  been  assumed  that,  for  stationarlty , all  1^^  sigmas  are  equal;  that  is, 

a(d0)j  = cr(d0)j^  . 

The  latter  quantity  is  the  sigma  taken  over  the  various  frequencies;  that  is,  the  variance 
is  given  by 

E d03  _ 

O2(d0)p^  = k - (d0^)2 

n 


At^)2]  (3.5-14) 

The  quantity  CT(d0)j^  was  not  numerically  evaluated,  particularly  in  view  of  the  dimunltlon 
caused  by  dividing  by  762  to  obtain  cr  (d^)^.  Instead  the  effect  is  considered  in  obtaining 
an  overall  sigma,  including  both  ripple  and  multipath  error  effects,  as  discussed  subsequently. 

3.5.2. 1.3  Multipath  Error  Effects  (Mode  4) 

In  Figure  3-  50^  the  point  A represents  an  antenna  stub  viewed  in  the  horizontal  plane.  The 
reflecting  surface  R-R'  is  situated  at  a distance  1 from  point  A,  in  a direction  normal  to 


n A 


eti 


2 _ 


— [S  A3  - - (E 
16n  \ t^  n \ 


i 

i 
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the  aircraft's  longitudinal  axis  NA.  The  direct  signal  arrives  at  element  A making  an 
angle  6^^  (bearing)  with  the  axis . An  indirect  signal  impinges  at  A by  being  reflected 
at  the  point  B (defined  by  Snell's  law  of  reflection).  This  indirect  signal,  therefore, 
has  a phase  lag  with  respect  to  the  direct  signal,  which  is  proportional  to  the  distance 

s = CB  + BA 

It  can  be  shown,  (see  Appendix  M),  that 

s = -2  tain  a cos  (0^  + a) 

The  phase  lag,  with  respect  to  direct  signal,  is  therefore 

, 2irs  47r  L , 

>1)  = -y-  = ^ sin  a cos  (01  + a)  (3.5-15) 

Thus,  if  the  potential  at  A,  due  to  the  direct  wave,  is 

e'  = Ej  cos  a,'t 

then  the  potential  due  to  the  indirect  wave  is 

e"  = Eg  cos  (cot -^)  = pEi  cos  (cot  - ^) 
where  is  a reflection  coefficient.  The  total  potential  received  is 

e = e'  + e" 

If  R-R'  is  to  be  a bona  fide  reflector,  a restriction  on  a is  imposed: 

90  - e*  < a"  < 270  - 0* 

1 1 
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Parameters  t and  a,  which  specify  the  location  and  orientation  of  the  reflector,  may  be 
replaced  by  the  more  convenient  specification  of  t’,  X (see  Figure  3-51).  Thus 


L'  = sin  a 

X = 360  - a 


where, 

90  + 01  < X<  270  + 01 

Referring  now  to  Figure  3-52,  the  transverse  distance  tj  from  any  element  j to  the  re- 
flector, is  related  to  the  normal  distance  t'  by 

j = l'  CSC  O'  + r sin  6ij  - r cos  6ij  ctn  a 

= -l'  CSC  X + r sin  6ij  + r cos  6ij  ctn  X (3.5-16) 

valid  for  J = 1 through  16.  For  the  center  element, 

g = l' CSC  0(  = -l' CSC  X (3.5-17) 

Substitution  of  tj  or  of  tg,  for  t in  equation  15,  gives 

—4  IT 

0^  = -y-  [t*  - r cos  (X  - 6ij)]  cos  (X  - 0i)  (3.5-18) 

—477 

^ ^ L'  COS  (X  - 61)  . (3.5-1- 
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Dx'opping  the  prime  notation  from  t',  as  well  as  the  subscript  notation  from  0^,  we  have, 
in  oarticular,  for  X = 180®,  the  following: 


4tr 


0 = [t  + r cos  6ij]  cos  6 


I 4fft  o 
^ cos  0 


(3.5-20) 


(3,5-21) 


These  equations  can  be  verified  directly  by  referring  to  Figure  3-  53  . Note  that  analysis 
need  be  conducted  only  for  0 < 0 < 90®,  since  negative  0 will  produce  83rmmetrlcal  results. 

The  potential  due  to  the  indirect  wave,  received  at  element  1,  is 


where 


e”  = pEj  cos  (ujt  - ^j) 


47r 

ij)^  = -^  [t  + r]  cos  0 


(3.5-22) 


(3.5-23) 


The  potential  due  to  indirect  wave,  produced  at  any  other  element  j (j  = 2 through  16),  is 


2Tr 


®j  = P^i  “ i"  “^jl 


(3.5-24) 


where  is  given  by  equation  1 and  il>^  is  given  by  equation  3.5-20  sum  of  all  signals, 
both  direct  and  indirect,  from  element  1 through  16,  utilizing  equations  3.5-3,  -4,  -22 
and  24, 


16 

e = e'  + e"  + E (ef  + e" ) 
' ' )=2  ) ) 


3-133 


rnmuf 


16 


= Ej  [ cos  + 


L co8(Ci  + a +b)] 
J = 2 J J 


16 

+ fiEi  [COB  (Cl  - + r co8(Ci  + a+b-0 

J = 2 J 1 ) 


= EjN' cos  (♦jjjD  + Ci) 


where 


Cl  = wt 


IND 


= tan 


1 + Sj  + p(S4  + cos 


16 

Sj  = E sin  (a.  + b. ) 

j = 2 ^ ^ 

16 

Sg  = E sln(a  +b, -^  ) 

J = 2 J J J 

16 

^ = E cos(a. +b) 

J = 2 J J 

16 

= E cos  (a  + b - Vi.  ) 
J =2  J J J 


and  where  aj,  b^  have  the  defining  equations  given  In  the  previous  section, 
of  obtained  as  for  In  the  previous  section. 


)1 

(3,5-25) 

(3.5-26) 


The  quadrant 
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where 


I 


AmDk  = 2ir  - (♦ind  + . (3.5_30) 

The  subecript  k denotes  that  has  a value,  at  each  sampling  instant,  which  is  de-  i 

pendent  on  the  carrier  firequency  at  that  instant . 

•I 

Of  the  n possible  frequencies,  one  can  produce  a maximum  deviation,  and  another  can 
produce  an  (algebraic)  minimiun  deviation;  that  is, 

jn*  _ 180  A 1 » 

^max  47r  max  t i 

jqO  _ 180  A 1 fl 

'^mln  4jr  min  t , 

i 

where  d6^  denotes  total  error,  including  ripple  error  effect.  The  deviation  of  the  time  | 

average  estimate  of  bearing  must  be  between  the  two  extremes . The  most  probable  de- 
viation is  the  mean  value  of  the  error  in  the  average.  We  have  i 

I 

®s  [ ! 

d§_  . ' AXg  . J . 1 ■ 1 I ^ ‘I  . ? 

^ 62  62 

Taking  e}q)ectations  and  assiuning  stationarity,  | 


de^  (deg’s.)  = — [i. 


1 -0t 


(3.5-31) 


where  Aind  ] ^ is  given  by  equation  3.5-30.  The  mean  error  In  the  average,  due  to  multi 
path  only,  is 


de^  = d0.j.  - d0r  = ;^  [ (Aind,^  " > 1 


n 


4^  ^k  = l " ^INDk  - 


(3.5-32) 


Similar  to  the  derivation  of  equation  3.5-14,  the  sigma  of  the  error  in  the  average,  when 
both  multipath  and  ripple  errors  are  present,  is 


' vfe-  Ikil'^INDk  - 


This  may  be  interpreted  as  a measure  of  the  spread  in  the  error  in  the  average,  about  the 
mean  error. 

Since  the  error  due  to  multipath  only  is 


62 


1 


and  assuming  statlonaiity,  then 


r 


i 

i 

t 


r> 

» 


Th’os 


O®(d0)j^  = E (d§M®)  - (d§M  ) V62 


(3.5-34) 


where  d§j^  is  given  by  equation  3.5-32,  and 


^INDk  - \ " ♦tk  “ *INDk  " 


3.5.2. 1.4  Quantitative  Results 

In  ilgure  3-54,  assume  an  extended  vertical  reflecting  surface  is  located  a distance  of 
i Inches  from  the  center  of  the  ring  antenna  array.  The  point  of  reflectance  of  the  in^ 
direct  ray  moves  further  from  the  center  line,  as  the  bearlj^  an^e  increases.  Since 
the  extended  surface  Is  limited  in  length,  say  w feet,  a limiting  bearing  an^e  is  attained 
beyond  which  reflection  cannot  occur.  This  limit  Is  given  by 


, - _ w (ft. ) - r (ft. ) w 

(t"/l2)  (t"/l2) 

The  limit  angle  is  given.  Table  3-5  , for  a wing  length  of  100  feet. 

TABLE  3-5 

DIRECTION  OF  ARRIVAL  REFLECTION  LIMITS 


®LIM 

104 

85.1 

208 

80.2 

416 

70.9 

624 

62.7 

832 

55.3 
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Actually,  If  the  antenna  Is  always  located  fore  of  the  wing,  a large  l of  800"  would  cor- 
respond to  the  distance  to  a tail  surface,  in  which  case  would  be  on  the  order  of 

27*. 

Computer  runs  were  made  in  increments  of  . 5 degrees  over  a range  of  0 from  0 to 
and  for  various  sets  of  frequencies,  so  as  to  determine  the  effect  of  frequency  spread  on 
the  mean  error  d0rp  in  the  time  averaged  bearing  estimate.  These  frequency  sets  were 
selected  so  as  to  cause  a minimal  change  in  the  present  SECANT  frequency  allocation 
for  replies.  Table  3-6  lists  the  sets  investigated;  set  A is  presently  specified 

TABLE  3-6 
TRANSMISSION  SETS 

FREQUENCY  SET  FREQUENCIES  (MHz) 


A 

1599, 

1600, 

1603, 

1604 

B 

1596, 

1604, 

1611, 

1619 

C 

1611, 

1612, 

1615, 

1616 

D 

1600, 

1604, 

1612, 

1616 

E 

1596, 

1604, 

1612, 

1620 

Runs  were  also  made,  with  sets  A and  B,  varying  the  antenna-to-reflector  spacing. 

A portion  of  a representative  computer  printout  is  presented  in  Table  3-7  , for  set 
B and  t = 416".  An  explanation  of  column  headings  follows  (all  angles  in  degrees): 

THETA  = 0 = True  bearing  angle 

DTHR  = d0j.  = Mean  ripple  error  in  time  averaged  bearing  estimate  (0) 

DTH  (MAX)  = d0rj,  = Max.  possible  error  in  0,  including  ripple  and  multipath 
^ zndx 

error  effects 
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THLD=U. 


THHI=71  . 
THIMC=.5 
F<K>  = 

L = 

1 596  . » 1 6 04 

416.  PHD= 

TABLE  3-7 

. > 1611. 
0.05 

. Ripple  & Multipath  Error 
» 1 6 1 9 . » 

THETft 

DTHR 

DTHcMfiX> 

DTHCMIM) 

DTHT 

3DDTHT 

■SIG 

0.00 

-0 . 00000 

0.00000 

-0.00000 

0.00000 

0 .00000 

c.r^noo 

0.50 

-0.00003 

0.05167 

-0.04737 

0.00  054 

0.00108 

0 . OOi-  04 

1 .00 

-0.00016 

0.1 0009 

-0.09479 

-0.00157 

-0.00433 

O.Oll  5 

1 .50 

-0.000£4 

0 . 1 3836 

-0.14£67 

-0.00346 

-0.01378 

0 .01649 

£.00 

-0 . 0003£ 

0.15650 

-0.1837£ 

-0.03303 

-0.03713 

0.0191 1 

£.50 

-0.00033 

0.13765 

-0.£0537 

-0.04343 

-0.04077 

0.01 8 05 

3.00 

-0.00044 

0 . 06846 

-0 . 18865 

-0.06550 

-0.04616 

0.01300 

3.50 

-0 . 00049 

0.00360 

-0.16163 

— 0 . 03  087 

-0.03074 

0.00785 

4.00 

-0.00054 

0.1777? 

-0.30317 

-0.07407 

0.01360 

0.03457 

4.50 

-0 . G0057 

0.37889 

-0.4165£ 

-0.03670 

0.07473 

0 . 04583 

5.00 

-0.00059 

0.51313 

-0.46S£8 

0.01953 

0.11345 

0 . 06035 

5.50 

-0 . 00060 

0.54£17 

-0.43596 

0.06480 

0.09055 

0 . 05576 

6. 00 

-0.00059 

0.34955 

-0 . 184  08 

0 . 03339 

0 .03718 

0 . 03536 

6.50 

-0.00058 

0.4£139 

-0.346  06 

0 . 08873 

0.01068 

0 . 03394 

7.00 

-0.00055 

0.70101 

-0.59036 

0 . 06683 

-0.04380 

0.07733 

7.50 

-0.0005£ 

0.66514 

- 0 . 685  04 

-0.03433 

-0.30309 

0 . 08053 

3.00 

-0.00047 

0.15853 

-0.44313 

-0.15493 

-0.34140 

0 . 03876 

3.50 

-0 . 00041 

0.43869 

-0.64504 

-0.1£33£ 

0.06319 

0.05873 

9.00 

-0.00035 

0.87677 

-0.30654 

0 . 03733 

0.33 139 

0. 1 0441 

9.50 

-0 . 000£8 

0.63135 

-0.40359 

0.11 666 

0.15867 

0 . 054  1 9 

1 0 . 1'in 

-0.000£0 

0.7£609 

-0.49691 

0.11791 

0.00353 

0 . 06653 

10.50 

-0.0001£ 

0.97000 

-0.91835 

0.00409 

-0.33765 

0.11714 

11.00 

-0.00004 

0.1£690 

-0.49308 

-0. 19031 

-0.38880 

0.03904 

11  .50 

0.00004 

0.86951 

-0.96473 

-0.07034 

0.34015 

0.10935 

1£.00 

0 . 0001£ 

0.956£1 

-0.73991 

0.11900 

0.37348 

0.09786 

1£.50 

0.000£0 

0.73813 

-0.53058 

0.13167 

0.03534 

0.07390 

13.00 

0.000£3 

1 .04430 

-1 .08575 

- 0 . 03989 

-0.34313 

0.13034 

13.50 

0 . 00035 

0.19941 

-0.57498 

-0.19449 

-0.30930 

'■1.03914 

14.00 

0. 00041 

1 .££1 08 

-1 .11510 

0.06450 

0.51798 

..  14614 

14.50 

0.00047 

0.46561 

-0.18353 

0.14179 

0.15459 

0 . 033 1 9 

15.00 

0.00052 

1 .£0440 

-1 .30819 

-0.01454 

-0.31 366 

0.15  068 

15.50 

0.00055 

0.3U16£ 

-0.65531 

-0.18313 

-0^33518 

0 . 05396 

16.00 

0.00058 

1 .£5019 

-1 .07134 

0 . 09455 

C0.5533?^^ 

0.14376 

16.50 

0.00059 

0 .99487 

-0.75334 

0.13311 

0.05713 

0 . 1 0588 

17.00 

v.0.000^ 

0 .6694£ 

-0.93590 

-0.13791 

-0.53305 

0.09760 

17.50 

0.00059 

1 .£4765 

-1  .30178 

-0.03133 

0.31318 

0.16057 

13.00 

0.00057 

0.£0£9£ 

0.06449 

0.13377 

0.33018 

0 . 00667 

18.50 

0.00054 

1 .18646 

-1 .38696 

-0.05131 

-0.37016 

0 . 1 5658 

19.00 

0.00049 

1 .00£07 

-1 .1690t 

0 . 03394 

-0.06535 

0.13755 

19.50 

0.00044 

0.35765 

-0.11383 

0.13359 

0.41305 

0 . 03777 

£0.00 

0.00038 

1 .£6065 

-1 .34006 

-0.04374 

— 0 .33066 

0 . 16358 

£0.50 

0.0003£ 

1 .16934 

-1 .£8135 

-0.05994 

- 0 . 0344  0 

0.15363 

£1.00 

0.000£4 

0.3£366 

- 0 . 1 11 03 

0 . 1 0934 

0 . 33836 

0.03167 

£1  .50 

0.00016 

0.94340 

-1 .09493 

-0.08033 

-0.37893 

0.13359-. 

££.00 

0.00008 

(1  .43£78j 

^1 .43733. 

0.00461 

0 . 16968 

L o.iaii^- 

££.50 

-0.00000 

rrr86£4 

-T; 07380 

0.06189 

0.11456 

0.13469 

£3.00 

-0.00008 

0.££70S 

-0.387t>3 

-0.08113 

-0.38603 

0.03818 

£3.50 

-0.00016 

0.89567 

-0.77050 

0.06715 

0.39654 

0.09184 

£4.00 

-0.000£4 

1 .31354 

-1 .37343 

-0.03374 

-0.19978 

0.16385 

£4.50 

-0.0003£ 

1 .406£6 

-1 .43615 

-0.01618 

0.03314 

0.17737 

£5.00 

-0.00038 

1 .£57£6 

-1 .33690 

0.03337 

0.07910 

0.14456 

£5.50 

-0.00044 

0.80379 

-0.35734 

-0.03590 

-0.09855 

0.08577 

£6.00 

-0.00049 

0.36816 

-0.38393 

0.04333 

0.13345 

0.03091 

£6.50 

-0.00054 

0.59783 

-0.60918 

-0.00318 

-0.09300 

0.05591 

£7.00 

-0.00057 

0.96£4£ 

-0.95006 

0.01413 

0.03463 

0.09879 

£7.50 

-0.00059 

1 .15875 

-1 .18300 

-0.00333 

-0.03493 

0.13871 

£8.00 

-0.00060 

1 .£4949 

-1 .39808 

-0.01768 

-0.03871 

0.14597 

_ 28^50 

-0.00059 

1 .£76£3 

-1 .33533 

-0.01339 

0.00858 

0.15370 

f 


I 
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DTH  (MIN)  = ~ Min,  posslbli?  error  In  6 

DTHT  = d9,p  = Mean  error  In  6,  including  both  r4>ple  and  multipath  mean 
errors 


2DDTHT  = Approximate  rate  of  change  of  dS-j.  with  respect  to  0 
SIG  = CT(d0),p  = Standard  deviation  of  error  in  0 


NOTE 


If  subscript  u represents  values  along  any  row 
in  Table  3-7  , then  for  a given  0, 


A(d0T)in  .5* 
.5 


2 A (d0,j,)  = 


^ - d^„ 

u ^u-1 

®u  " 0 u - 1 


Pertinent  results  from  all  of  the  runs  are  smnmarized  in  Table  3-8  , Since  frequency 
sets  C and  D did  not  show  marked  Improvement  in  peak-to-peak  excursion  of  d0j,  but 
set  E does  provide  Improvement  in  comparison  to  the  result  for  set  A,  at  t = 104",  it 
was  decided  to  make  further  comparison  runs  only  with  sets  A and  B (set  B is  essentially 
the  same  as  set  E). 

The  standard  deviation  is  quite  small  compared  to  d0,p  max,  indicating  a clustering  of 
error  near  the  mean  value.  The  most  significant  parameter  is  the  peak-to-peak  excursion 
of  d0-j.  since  this  Indicates  the  largest  probable  error  in  swept  bearing.  For  set  A,  it  is 
seen  to  diminish  continuously  as  the  antenna-to-reflector  spacing  increases;  for  set  B,  a 
minimum  is  reached  at  about  l = 500"  (The  columns  in  Table  3-8  , labeled  B,  etc.  will 
be  explained  in  the  next  section, ) Comparing  runs  6 and  9,  it  is  seen  that  doubling  the  re- 
flection coefficient  (p)*,  resulted  in  double  the  peak-to-peak  excursion  of  d§-p. 

*A  value  of  p = .05  was  selected  for  most  runs;  this  value  was  deduced  from  consideration 
of  the  radiation  pattern  of  the  top  mounted  (stick)  antenna  on  a Boeing  707;  see  Appendix  N. 
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TABLE  3-8;  SUMMARY,  MODE 
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Plots  of  d6rp  versus  6 are  presented  In  Figures  3-65  through  3-64,  for  all  run  numbers 
except  2T,  3 and  18.  All  the  graphs  exhibit  a type  of  "beat"  frequency  pattern.  Improve- 
ment due  to  frequency  diversity,  for  set  A,  is  evident  only  at  the  higher  spacing  (l).  For 
set  B,  the  improvement  is  quite  marked  in  the  region  of  t = 400"  to  600". 

3.5.2. 1.5  Effect  of  VarlabUlty  In  Bearing  and  Swept  Bearing  Probabilistic  Analysis 

In  the  case  of  swept  bearing  determination,  the  multipath  (and  ripple)  error  effect  must  be 
the  algebraic  difference,  at  two  sequential  points,  of  a function  such  as  those  depicted  in 
Figures  3-55  through  3-64.  This  difference  (residual  error)  must,  therefore,  depend  on 
the  times  at  which  the  bearing  measurements  are  made,  as  well  as  the  relative  kinematic 
geometry;  that  Is,  upon  the  initial  bearing  angle  and  the  swept  bearing  itself.  These  latter 
quantities  cannot  be  known,  a priori,  and  are,  therefore,  random  variables.  If  the  swept 
bearing  in  a miss  determination  situation  can  attain,  at  most,  a value  greater  than  half 
the  oscillation  (high  frequency)  period  of  the  mean  error  function,  then  the  residual  error 
can  be  at  most  equal  to  some  peak-to-peak  difference  along  the  function,  dependent  on  initial 
9.  From  the  curves,  it  is  seen  that  the  half  period  can  be  5“,  or  less,  depending  on  initial 
9,  frequency  set,  and  antenna-reflector  spacing.  It  then  is  advisable  to  ascertain  the  max- 
imum swept  bearing  to  be  expected  in  a declared  conflict  situation,  so  as  to  afford  a 
comparison. 

From  the  conflict  triangle  in  Figure  3-65(see  page  3-140).  From  this,  the  following  re- 
lations can  be  derived: 


tan  A9  = 


where 


Vf  At  sin  a 
R - Vj,  At  cos  a 


sin  a = M/R 


(3.5-35) 


(3.5-36) 
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Rum 


€(igoii  vs  AiM6Le 


£.B.gog  -Ji, 


Me:Am  vs.  i^E4i;iM6  AM6LC 


In  a modified  Tau-alarm  system,  an  alarm  Is  given  if  both 
threshold  are  crossed.  The  range  alarms  are  given  by 

ForTau2:  R^j^(ft.)  = 10, 937  + 40  Vj.  (f .p. 

ForTaul:  = 1519  + 25  Vj.  (f.p.s. 

The  proposed  miss  thresholds  are  given  by 

For  Tau  2:  M.p(ft.)  = 11,200  + 8 V^,  (knots) 

ForTaul:  M-p(ft.)  = 1700  + 7 Vj.  (knots) 

To  obtain  the  value  of  Ad  at  miss  and  range  threshold  penetration,  M-p  is  substituted  for 
M and  R^L  ^ ^ equations  3.5-35  and  3.5-36.  This  leaves  a and  A0  as  unknowns, 
i with  Vj.  a parameter  and  At  specified,  say,  at  5 seconds.  By  a trial  and  error/ iteration 

process  these  equations  were  solved,  and  the  functions  shown  in  Figure  3-66  were  obtained. 
It  is  seen  that,  in  comparison  to  the  half  periods  evidenced  on  the  multipath  error  curves, 
the  Tau  1 situation  is  of  greater  concern  than  the  Tau  2 situation,  since  there  is  more 
chance  in  the  former  for  a multipath  half  period  to  be  exceeded. 

If  a bearing  measurement  6^  has  been  made,  and  a bearing  measurement  d is  measured 
Atjg  seconds  later,  then  the  magnitude  of  the  mean  multipath  error  is 

g (Sj,  AQ)  = I A (dep)  I = I dep  (0)  - dgp  (Sj)  I 

If  it  is  assumed  there  is  equal  probability  that  can  have  a value  anywhere  between  -90° 
and  +90°,  insofar  as  multipath  error  is  concerned;  and  if  further,  a miss  computation  is 
called  for  and  it  is  assumed  uniformly  likely  that  A0  will  have  a value  between  0°  and  6° , 
then  the  expectation  of  the  mean  bearing  error  is 


a range  threshold  and  a miss 


S.  ) cos  0! 
) cos  Of 


(3.5-37) 


(3.5-38) 
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Suppose  that  has  Mi  cycles  in  the  region  6 = 0*  to  45" , and  cycles  In  the  region 
9 = 45"  to  90®.  (It  will  be  demonstrated  later  that  Fi  and  Fg  have  the  same  periodicity  as 
dS-p , ) 


Then 

i = ^ [ Ml  I Fi  (0i)  de,  + Mg  r Fg  Oi)  d0i] 
\ J45 
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But 


= (17/4 )/m[  ; Mg  = (77/4 )/mJ 


whence 


g = o 


_1_ 

LMf 


r^i  r 

0 Jo 


Fg  Oi)  d0i 


(3.5^1) 


j (Si  + Sg) 


By  extension  of  the  analysis,  if  there  are  three  sets  of  cycles  in  the  d9,p  function, 


g = 3 (gi  + gs  + Sj) 


Figure  3-  (see  page  3-140)  shows  a geometric  interpretation  to  P’  (fl^);  it  is  seen  that 
the  period  is  reduced  to  M/2.  Thus,  for  two  sets  of  cycles. 


g 


1 

2 


M, 

gi  (011  ^0)  dAG  > d0i 


+ 


A0)  dA0)  d0i 


(3.5-42) 


Figure  3-68  indicates  two  regions  of  validity  for  the  F,^  function;  that  is  for  0 < < 

(Mi)/4  and  for  (M^)/4  < 0^  < (M^)/2.  Moreover,  because  of  the  absolute  nature  of  the 
g function,  integration  must  take  place  in  parts.  Performli^  the  indicated  integrations, 
noting  that  0 = 9j  + A0,  we  have 
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2. 


A ■ 


-2^/ 


P 16^, 

gF^ioN6  tf^  Vfiui>>r^ 
' 6F  F|  pJ»AfcT)o>^ 


FrftCT 

4rtpw»Tooe  o«* 


r 


for  0 < 6i  < 


4 ■ 


K. 


^ cos  - e^)  + 401  Bln  Ky  6^ 


cos  01  ^ cos  Ki  (9i  + Ml) 


M,  M, 

For  — i < 01  < — ^ : 
4 ^ 2 


Fi  Ml  2 3 

= (2  Ml  - 40i)  sin  Ki0i  + — cos  Ki  ( - Mi  - 0i) 


- ^ cos  Ki  01  - cos  Ki  (01  + Ml ) 


Ka 


(3.5-43) 


(3.5-44) 


Integration  of  Fi  with  respect  to  0i,  between  the  limits  of  0 and  (Mi)/2,  leads  to: 

M, 


■1 

r"2" 


gi  = 


M, 


Fid0i 


2Ai 


(MiKi)S 


„ , Ki  M,  „ . Ki  M,  . , 5 

12  sin  — ir — 1-  - 7 sin  - ^ + 4 sin  — Ki  Mi 


- sin  - Ki  Ml  - 3 sin  Kj  Mi 


(3.5-45) 


Noting  that  MiKi  = 2^, 


gi  (deg's.)  = — Ai  (deg's.)  = .8106  A° 
TT* 


(3.5-46) 


thus  affording  a ratio  of  probabilistic  average  to  amplitude  of  the  d§qi  function.  Evidently 
bears  the  same  relation  to  Ag. 

Since  the  amplitude  of  dg^  Is  actually  a function  of  0,  g variable  value  of  ii  (and  of  ^)  was 
found  for  each  cycle  of  the  dS^^  plots  Involving  frequency  sets  A and  B.  gi(0i)  and  g3(0a) 
were  plotted  (see  Illustration,  Figure  3-69).  Average  ordinates  were  foimd  by  eye,  and 
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overall  averages  were  found  by  the  latter  expi^ssion,  equation  3.5-41.  Quantitative 
results  are  given  under  the  column  labeled  B = g,  the  expected  bias  error,  in  Table 
3-8  . 

The  measure  of  the  spread  of  g,  about  its  mean  value,  is  given  by 

0-®(g)  = (ga)  - (g)® 


where. 


( g®)  = g=  (01,  Ae ) pSi  (0i)  p A0  (AS)  d0i  dAQ 


By  direct  analogy  to  the  derivation  of  equation  3.5-42,  we  have 

f ^ + 45 

“.I®!)"®!  *ir|  ^ u,(e,)de,  1 


= f (g;  + ^ I 


for  the  case  of  two  sets  of  cycles  d6^  in  the  region  0 = 0“  to  0 = 90° . In  this  equation. 


(3.5-47) 


Ui  (01)  = M / S?  (01,  A0)  dA0  d0i 


sin  Kj  01  - sin  iq  0i]a  dA0 


(3.5-48) 


with  like  expression  for  Ug  (0^).  Substituting  0 = 0^  + A0,  and  performing  the  integration. 
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sin  2 

+ Ml  sin®  Ki  01  + (sin®  0^  - cos®  iq  0i)  Jjq 


sin  K,  M,  sin®  K,  0,  „ , sin  2 0^ 

-2 -3  (I  - coa  2 M^) ^ ^ 


(3,5-49) 


Integration  of  this  equation  with  respect  to  0i,  recognizing  that  = 2ff , gives 


2 fT 


ultimately 


Ui(0i)d0i  = A-  . 

Similar  to  the  process  described  before,  the  square  of  the  amplitudes  of  each  cycle  of 
the  d9,j,  plots  were  calculated  and  plotted.  The  average  ordinates  of  these  mean  square 
curves  were  determined  by  eye  and  o(g)  was  calculated.  Results  are  shown  by  the  values 
given  in  the  coliunn  labeled  CTg  = C7(g),  in  Table  3-8  . 

Using  an  allowable  sigma  of  .8®  In  swept  bearing  error,  previously  proposed  for  reduction 
of  false  alarm  probabilities,  allowable  values  of  B and  Cg  can  be  specified.  Either  an  rms 
criterion  or  a maximum  probable  error  criterion  can  be  set.  Considering^'  only  major  con- 
tributors to  swept  bearing  error,  a feasible  value  for  residual  yaw  measurement  error  may 
be  taken  as  Oy  ^ allowable  thermal  noise  sigma,  = .3®  can  be  specified. 

Thus,  by  the  rms  criterion,  we  set 


( V ( B + CTb- )all  = .56 
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1^ 

a 


By  the  maximum  probable  error  criterion, 

+ (3a/  + (SCJyf  + = 3x  .8*  (^B)»  + (aaB^ALL  = 1-64' 

The  statistical  criteria  are  shown  plotted  in  Figures  3-70a  and  3-70b,  with  antenna-to- 
reflector  spacing  as  the  ordinate  for  the  two  frequency  sets.  By  either  criterion,  fre- 
quency set  B permits  a considerable  range  of  spacing,  the  optimum  spacing  being  about 
500". 

3. 5. 2. 2 Addendum.  Mode  1 Multipath  Analysis 

The  difference  in  phase  angles  of  the  signal  received  at  the  center  element  and  the  summed 
signal  of  the  Mode  4 outer  ring  antenna  elements,  is  prc^ortlonal  to  four  times  the  actual 
bearing  angle.  From  equation  3.5-9,  let 


\ 


i 

f 


$'  = $ + q cos  0 


. 2ffr 

where  q = 


From  equations  3.5-10  and  3.5-11, 


^ iL  = 360  - «!>' 
4 4 


(3.5-50) 


(3.5-51) 


whence. 


= 360  - 40  (3.5-52) 

However,  4>'  is  read  out  modulo  360“.  A three-fold  ambiguity  could,  therefore,  exist  in 
the  determination  of  0;  this  ambiguity  being  a multiple  of  90“ . To  resolve  this  ambiguity, 
an  inner  ring  array,  l/5  the  diameter  of  the  outer  array,  is  utilized,  which  operates  in 
Mode  1 , The  bearing  angle  obtained  from  this  inner  array  as  given  by 

0 = Ai  = 90  - 

where  4^  is  the  phase  difference  between  the  summed  signal  of  inner  array  ring  elements 
and  that  of  the  signal  of  the  central  element. 
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From  the  viewpoint  of  ambiguity  resolution  only,  the  Mode  1 array  phase  difference  read- 
out would  not  require  an  accuracy  of  better  than  _+45* . However,  for  PWI  usage,  the 
accuracy  limits  should  be  better  than  +15* . The  equations  developed  for  multi-path  error 
effects  for  the  Mode  4 array  will  be  modified  In  this  section  to  provide  an  analysis  of 
Mode  I operation.  Computer  runs  have  been  made  to  quantitatively  assess  the  mean  error 
in  the  time  averaged  bearing  angle.  For  the  antenna-to-reflector  spacings  taken,  it  is 
shown  that  the  error  does  not  exceed  6*  (using  frequency  set  B). 

3. 5. 2. 2.1  Ripple  Error 

In  Figure  3-71,  consider  a ring  array  of  m = 4 elements.  Relative  to  the  arrival  of  the 
signal  at  element  1,  the  signals  at  the  other  elements  have  phase  delays,  due  to  path 
differences,  which  are  given  by 


where 


4ffr  , ^ , .A  _ii  V 

= — sin  sin  (0  - , 


= (j  - 1)  X ^ = (J  - 1)  X 90* 


(3.5-53) 


Thus 


J = 2 to  4 

a^  = q (sin  0 - cos  0) 

83  = -2  q cos  0 

a^  = -q(8ln  0 + cos  0) 


(3.5-54) 
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The  signal  at  each  element  is  also  further  delayed  in  transmission  to  a common  port  by 
lui  amount,  in  Mode  1,  of 


bj  = ^ (J  - l)x  1=  ^ (J  - 1)  (3.5-55) 

since  m = 4. 

Similar  to  equation  3.5-7  of  Section  3.5,  the  phase  an^e  of  the  sum  of  the  signals  re- 
ceived at  elements  1 through  4,  after  delays  and  transmission  to  a common  port,  is  given 
by 

C’  = * + Cl 

where  Ci  = tot  = 2irft,  and  where 

* = tan-i  [7^1  (3.5-56) 

4 

Si  = sin(aj+bj)  (3.5-57) 

4 

S,  = S cos  (ai  + b,  ) . (3.5-58) 

J = 2 •'  5 

Utilizing  equation  3.5-55, 

Sj  = -cos  a,  - sin  83  + cos  a^  (3.5-59) 
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S3  - sin  - cos  a,  - sin  a^ 


(3.5-60) 


I 


The  difference  in  phase  angles  between  the  summed  ring  element  signals  and  that  at  the 
central  element,  is  (see  equations  3.5-3  and  3.5-9) 

(4>  - Cil  “ (C;  - q cos  8)  = q cos  8 . (3.5-61) 


Bv  analyzing  equation  3.5-50,  utilizing  equations  3.5-54,  -59,  -61  and  -56,  it  was  de- 
termined that  the  bearing  estimate  is  given  by 


§ = A = ^-  [‘J'-q  cos  8] 


(3.5-62) 


The  ripple  error  is  d8^  = 8 - 8^,  where  subscript  t denotes  true  value.  The  angle 
is  taken  such  that 


Table  3-9  shows  numerical  values  of  the  ripple  error  for  8 in  increments  of  .5  degrees, 
for  a nominal  frequency  of  1607.5  MHz  (X  = 7.347"),  and  for  r = .15  X (=  1.102").  Peak 
values  occur  at  8 = 22“  and  8 = 68“ , with  a magnitude  of  about  2.3“ . The  ripple  error 
vanishes  at  8 = 0“,  45*  and  90“ . 


If  the  frequency  is  randomly  varied  from  sample  to  sample,  the  time  averaged  estimate 
of  bearing  angle  is  (over  .062  seconds) 


8 


-\i 


_1_ 

62 


2irr  cos  8 r -r^  ] 
1 


(3.5-63) 
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The  mean  ripple  error  In  the  average  is 


dSy (deg's.) 


= 57.2958 


n 

E 


tk 


n 


(3.5-64) 


where  n = number  of  frequencies  available  at  each  sampling  instant  (n  la  usually  taken  as 
4).  In  this  equation,  for  the  k*'^  frequency. 


= 


n , ^ 2irr  cos  0 , 
5 - '*‘k  * Xk  ' 


(3.5-65) 


tk 


S, 

tan-i  [-7-7^] 


1 +S3'k 


(3.5-66) 


Computer  runs  made  with  the  two  sets  of  frequencies  (A  and  B)  show  the  same  perioolclty 
in  d^j.  as  for  the  single  nominal  frequency,  and  the  peak  amplitude  remains  at  about  2.3° . 
The  sigma  of  the  ripple  error  in  the  time  average  bearing  estimate  was  not  computed,  but 
is  part  of  an  overall  sigma  which  Includes  the  multipath  error  effect. 


3. 5. 2. 2. 2 Multipath  Error 

The  configuration  of  a plane  reflector  located  at  a distance  l from  the  center  element,  and 
normal  to  the  line  defined  by  the  1-3  elements,  is  depicted  in  Figure  3-72.  The  analysis 
of  Section  3. 5. 3.1  holds,  with  some  modification  for  Mode  1 operation.  Thus,  at  a spec- 
ified (true)  bearing  angle  0,  and  for  a particular  (k^^)  frequency,  a possible  bearing  estimate 
obtained  by  phase  difference  measurement,  in  the  .resence  of  multipath,  is 


^INDk  " 2 ^ ^ 


2ff  r cos  0 


(3.5-67) 


where 


^INDk 


= tan"^  [ 


S,  4 p (Sg  - sin  0i) 


(1  + S^)  + p (S^  + cos  0^)  V 


(3.5-68) 
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;uid  where  (see  main  test  following  equation  3.5-26) 


= [ - cos  - sin  83  + cos  a^]j^ 


(3.5-70) 


= [-  cos  ((i)g  - a,)  + sin  + 83)  1-  cos  (((.4  - ) ]j^ 

= (sin  a,  - cos  ag  - sin  a^  ] 

S^j.  = [-  sin  (02  - a,)  - cos  (03  - Og)  + sin  (V*  " a^) ] ^ 


FYom  equations  3,5-54 

^3k  " ‘’k  e - cos  0 ) 


83^  = 2 qj^  cos  0 


(3.5-71) 

(3.5-72) 

(3.5-73) 

(3.5-74) 

(3.5-75) 

(3.5-76) 


where 


'k  X. 


l-’rom  equations  3.5-20,  -21,  -23  of  Section  3.5.3. 1, 


(3.5-77) 


=!/).  = 


4ir  I COB  9 


(L  + r)cos  9 
k 


(t  - r)  cos  9 


(3.5-78) 


(3.5-79) 


(3.5-80) 


where 


. ...  3 X 10^° 


being  one  of  four  possible  frequencies. 

At  a specified  9^,  one  of  the  frequencies  can  produce  a maximum  deviation  from  true 
value,  and  another  frequency  will  produce  a minimum  deviation: 


d9T  = 57.2958  Atnd,  ] -9°;  deg's.  (3.5-81) 

^max  max 

d9T^^  = 57.2958  ] min  -9”  : deg's.  (3.5-82) 

(Subscript  T denotes  total  error,  including  both  ripple  and  multipath  errors. ) 
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The  time  avera(>ed  estimate  of  bearing  is 


1 

® ^IND  ^ avE  ~ 62  j = i 


(3.5-83) 


where  has  one  of  the  k possible  (random)  values  given  by  equation  A-17,  at  each  of 

the  62  sampling  times.  The  mean  error  in  the  time  average  (see  derivation  leading  to 
similar  result,  Equation  3. 5-31)  is 


d^rp  (deg's. ) = 


(3.5-84) 


The  standard  deviation  of  the  error  in  the  time  average  (see  derivation  leading  to  similar 
result,  Equation  3 . 5-33 ) is 

1. 

2 

(3.5-85) 

3. 5. 2. 2. 3 Quantitative  Evaluation 

Computer  runs  were  made  for  i = 104"  and  for  t = 416",  and  for  the  two  sets  (A  and  B) 
of  frequencies,  varying  0 In  .5“  Increments  to  an  appropriate  A portion  of  a print- 

out (t  =416",  set  B,  p = .05)  Is  presented  In  Table  3-10.  Figures  3- 73  through  3-76  are 
plots  of  mean  bearing  error  versus  actual  bearing  angle . It  Is  seen  that  the  maximum 
amplitude  of  error  decreases  as  0 Increases,  and  also  decreases  as  reflector-to-antenna 
spacing  is  increased.  Frequency  set  B provides  a smaller  maximum  amplitude,  for 
given  spacing.  Pertinent  results  are  summarized  in  Table  3-11.  If  an  allowable  error 
of  15*,  at  any  0,  Is  assumed  to  be  a 3a  Ibnltj  and  If  the  major  multipath  contributor  has 
a spacing  on  the  order  of  400",  then  frequency  set  B certainly  provides  acceptable  accuracy 
for  the  Mode  1 antenna  operation  as  PWl.  It  should  be  noted  that  the  mean  ripple  error  can 
be  a substantial  portion  of  the  total  mean  error,  particularly  for  run  #14. 


^ ...  57.2958 

(deg's.,  . 


/ ^ 

* 

3 

[k?  1 ^“Uk 
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TABLE  3-10.  Mean  Bearin;i'  Error  ^DTHT)  as 
Function  of  Bearin;^  Angle  (Theta) 
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Table  3-11.  Summa 


3. 5. 2. 2. 4 Calibration  Constant  Compensation 

If  the  aircraft  longitudinal  axis  Is  aligned  with  the  0-1  axis  of  the  ring  array  (see  Figures 
3-48  and  3-71),  then  the  dlrectlon-of-arrlval  an^e  0 Is  Identical  with  relative  bearing 
angle  (as  measured  in  a plane  parallel  to  the  wing  plane).  As  Indicated  In  Section  3. 5. 2. 2 

i 

I the  angle  0 Is  given,  for  Mode  1 operatlon^by 

I 

0<1)  = 90»  = 90‘  - (C'  - Coh 

i 

where  Is  the  phase  angle  of  the  summed  signals  received  by  all  outer  elements,  Cq  Is 
the  phase  angle  of  the  signal  at  the  center  element  0,  all  relative  to  the  phase  an^e  of 
element  1. 

j It  would,  therefore,  be  necessary  to  subtract  the  output  phase  difference  from  90®, 

In  the  data  processor.  In  order  to  obtain  true  bearing  angle.  The  same  effect  can  be 
achieved  more  expeditiously  by  simply  physically  aligning  the  0-2  axis  of  the  ring  array 
with  the  aircraft  axis  and  taking  the  phase  difference  as  ^ - C'.  This  result  can  be  seen 
from  PTgure  3-77,  since 

-0j  = 90®  - 0(1)  = (C'  -Co)i 

and  by  this  means  a direct  measure  of  true  bearing  an^e  Is  obtained. 

In  like  fashion,  for  the  Mode  4 antenna,  we  have  by  equation  3.5-51, 

0(^)  = 90®  - = 90  - ^ (C*  - Co)^  • 

Compensation  Is  effected  by  aligning  the  0-5  axis  of  the  array  with  the  aircraft  axis 
( Figure  3-77 ).  Thus 

- 0t  = 90®  - 0(^)  = iLnio)*  , 


making  the  bearing  angle  directly  proportional  to  the  measured  phase  difference . 


The  alignments  Indicated  can  be  accomplished  by  optical  boreslghtlng  techniques,  which 
should  achieve  an  alignment  accuracy  of  a few  minutes  of  arc, 

3. 5. 2. 3 Estimation  of  Fruit  Errors  In  Bearing  Measurement 

3. 5. 2. 3.1  Assumptions 

Fruit  wave  fronts  will  Impinge  on  the  protected  aircraft  with  arrival  angles  which  can 
reasonably  be  taken  as  uniformly  distributed  in  a statistical  sense  over  0*  to  360®  In 
azimuth  when  the  aircraft  Is  centered  In  a dense  traffic  region.  It  will  also  be  assumed 
that  reply  pulses  and  fruit  pulses  received  above  threshold  level  are  processed  in  a manner 
which  permits  them  to  contribute  linearly  with  equal  weights  to  a smoothed  bearing  reading. 
As  a result  of  the  lQtegratlon(8moothlng),the  variability  of  the  bearing  measurement,  caused 
by  the  fruit  signals,  will  be  substantially  diminished.  In  fact,  the  measurement  can  be  re- 
garded as  being  the  mean  value  of  n Individual  bearing  measurements  comprising  a group 
of  reply  bearings  from  a selected  target  combined  with  much  fewer  fruit  bearings.  By 
virtue  of  the  range  gating  process  used  In  the  bearing  measurement, only  those  undetected 
fruit  pulses  that  fall  in  the  range  gate  can  produce  adverse  effects.  When  such  events 
occur,  it  will  be  assumed  that  the  resulting  measurements  have  random  values  with  a 
uniform  distribution  from  0®  to  360® . This  assumption  Is  a worst  case  one  which  results 
In  a somewhat  exaggerated  estimate  of  the  fruit  error  as  compared  with  the  error  obtained 
when  the  distribution  of  fruit  arrival  angles  is  assumed  to  be  leptokurtic  (peaky)  and  having 
Its  mode  coincident  with  the  true  bearing.  In  this  respect,  a triangular  distribution  Is  In- 
tuitively more  realistic  since  it  would  tend  to  characterize  the  effect  of  combination  of  the 
true  vector  signal  with  the  random  fruit  vector,  and  to  allow  for  the  effects  of  subthreshold 
fruit. 

3. 5. 2. 3. 2 Analysis 

Let  p = ratio  of  fruit  pulses  to  reply  pulses  entering  a phase  gate 

n = number  of  reply  pulses  and  fruit  pulses  contributing  to  a relative  bearing 
measurement  (=  n^  + n^) 
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Then 


(3,5-86) 


‘R 


1 + p 


and 


-ff- 


1 + p 


(3.5-87) 


Based  on  the  above  mentioned  assumption  of  a linear  combination  of  reply  and  fruit 
bearings  in  the  measured  Integrated  bearing  result,  the  latter  Is  given  by: 


OR 


nr 


' n ^ Ji  W, 


In  which  j3j^  Is  the  bearing  of  a reply,  and  the  bearing  of  a fruit  strike. 


Equation  3.5-88,  written  In  terms  of  the  mean  )3jj,  Is 


= ^ iJl  ^ 


^FR  “ 


np 


— - 1 % + - E )3f 

“ ^ 1 = 1 i 


np 


(3.5-88) 


(3.5-89) 


Equation  3.5-89  expresses  the  error  caused  In  the  measured  bearing  by  fruit.  Its  mean 
Is  given  by: 


= ^FR  " ^R  = “ 3r  V (3.5-90) 

np  — — 

(^F  ■ %) 

= T^-T  (%  - ^R) 


r 


It  is  observed  from  Equation  3.5-90  that,  bi  measuring  a swept  bearing  A;3j^  from  two 
..uccesslve  measurements  of  a bias  error 


1 + p 


Ai3 


R 


(3.5-91) 


will  occur. 

However,  Interest  is  primarily  in  the  variability  of  thus,  an  expression  for  its 
variance  Is  sought.  Erom  Equation  3.5-89  and  assuming  Independent  fruit  strikes,  the 
variance  of  the  measurement  error  Is: 


- np 

iPji  - ^ (iSp) 


1 

n 


1 + p 


c®  (%) 


(3.5-92) 


Expressed  as  a standard  deviation: 


r(e^) 


-vr~7 


+p 


(3.5-93) 


For  |3p  uniformly  distributed  over  0®  to  360®, 


360 


degrees . 


An  estimated  value  for  p was  obtained  from  a SECANT  signal  environment  simulation 
(computer  nm  no.  5-3)  pertaining  to  the  most  densely  populated  region  of  the  FAA/MITRE 
1982  LA  Basin  Standard  Traffic  Model,  Snapshot  #3.  p may  be  considered  as  equivalent 
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to  the  probability  that  an  undetected  fruit  pulse  will  be  received  during  the  time  interval 
in  which  a reply  pulse  is  being  phase  detected.  Taking  this  interval  as  0,5  microsecond 
and  using  a worst  case  fruit  rate  given  by  the  simulation  as  211  kpps  (being  the  modified 
value  with  average  probe  rate  of  538  pps  and  extended  system  range  margins),  p =0,5 
X 0.25  X 10“®  X 211  X 10®  — 0,026,  The  factor  of  0,25  in  this  calculation  accounts  for 
the  system's  capability  of  detecting  a coexisting  fruit  pulse  in  any  of  the  reply  channels 
other  than  that  from  which  the  reply  signal  is  being  processed,  and  depends  on  the  validity 
of  P , P , and  Q replies  being  equiprobable.  Then  using  n = 62,  Equation  3 , 5-93 
gives: 


CT(e^)  = ,0202CT(;3p)  , 

The  upper  curve  of  Figure  3-78  shows  plotted  versus  fruit  rate.  If  a triangular 

distribution  rather  than  a uniform  one  is  assumed  for  thenCT(/3p)  = 180  | /B”  in 
which  Instance  (7(f^)  is  1,5°, 

3, 5,2, 3, 3 Conclusions 

Application  of  wild  data  rejection  logic  described  in  Section  3.4,1  will  have  a powerful 
influence  in  reducing  fruit  errors  to  acceptable  levels . Based  on  a total  estimated  random 
error  of  0.56  degree  (lex)  in  relative  bearing,  the  computed  threshold  of  the  wild  bearing 
rejection  algorithm  will  approach  T — 3x0. 56—  1.7  degree.  Hence  acceptance  of  fruit 
bearings  will  be  reduced  in  the  ratio  (2  x 1.7)  - 360  = l/llO,  with  corresponding  re- 
duction in  the  accepted  fraction  of  the  worst  case  fruit  rate.  For  conditions  as  stated 
above,  the  random  error  component  due  to  fruit  wHl  then  be  reduced  to  2. 1 x /I  | llO  = 
0,2°  one  sigma,  which  is  an  acceptable  budgetary  magnitude.  At  other  fruit  rates,  the 
reduced  random  error  is  shown  by  the  lower  curve  of  Figure  3-78 . 
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a . 3 . 2 . 4 Attitude  terrors 

3. 5. 2. 4.1  Abstract  and  Summary 

The  equations  for  the  miss  distance  algorithm  have  been  presented  In  Section  3.4.2;  the 
derivation  of  these  equations  and  the  need  for  measurement  of  attitude  angles  and  com- 
pensation for  their  effects  Is  demonstrated  In  Appendix  L.  A question  then  arises  on 
the  precision  with  which  the  attitude  measurements  should  be  made.  This  can  be  answered 
by  an  analysis  of  residual  error  effects,  assuming  attitude  compensation  to  be  effected. 

Error  sensitivity  equations  are  presented  In  this  section,  and  some  worst  case  kinematic 
conditions  of  conflict  geometry  are  investigated.  For  a horizontal  direct  collision  course, 
the  horizontal  miss  distance  error  sensitivity  to  yaw  error  can  be  as  hl^  as  11630  ft./*. 

Since  the  corx-e spending  miss  threshold  (Tau  2 cardloid)  Is  about  equal  In  numerical  value, 
an  order  of  magnitude  reduction  is  afforded  by  specifying  a yaw  precision  requirement  of 
a()/))  = .13°,  the  value  attainable  for  autopilots,  according  to  specification  ARINC  #417. 

Although  yaw  error  predominates  in  Its  effect  on  horizontal  miss  determination,  roll  and 
pitch  errors  can  have  a significant  effect  on  horizontal  bearing  angle  determination  unless 
controlled.  An  acceptable  value  for  roll  or  pitch  measurement  precision  is  . 3 to  .5",  per 
ARINC  #417  , For  worst  case  condition,  the  resultant  error  In  horizontal  bearing  is  ,06 
to  .1°,  an  order  of  magnitude  less  than  the  overall  bearing  error  limit  specification  arrived 
at  In  Section  2.3. 

3. 5. 2. 4. 2 Horizontal  Bearing  Error 

It  is  desired  to  find  the  error  in  the  determination  of  0s,  the  horizontal  bearing  angle, 
as  function  of  the  errors  in  measured  pitch  (p)  and  roll  (r).  From  Appendix  L,  Equation 
L-29  Indicates  that  dg  = f (/3,  e,  p,  r);  while  Equation  L-19  shows  that  elevation  angle 
c = f (0,  P,  r).  Assuming  € and  de  small,  terms  in  p sin  c de  and  r sin  fde  may  be  neglected; 
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whereupon  differentiation  of  Kquatlon  L-19,  with  respect  to  p and  r only,  gives 

de  dr  sin  - dp  cos  )3  . (3.5-94) 

Neglecting  terms  Involving  products  such  as  pdO^,  pdc  and  rde,  differentiation  of  Equation 
L-29  and  subsequent  substitution  of  Equation  3.5-94  yields 

de  = cos  (0g  - (3)  cos  08  tan  c [dp  tan /3  + dr]  (3.5-95) 

s 

which  may  be  evaluated  at  either  time  t^  or  t,. 

For  numerical  examples,  suppose  Ah  = 600  ft.  and  R cos  € = 3000  ft.,  so  that  tan 
e = l/5.  Then, 

Case  1:  0g  = (3  = 0,  = 0;  then 

deg  = -g  dr 

Case  2:  = 8 = 90°,  dr  = 0;  then 

' deg  = dp  sin  (3  tan  e = 5 

For  a roll  or  pitch  measurement  error  of  .3°,  the  resultant  error  in  0g,  in  either  case, 
would  be  only  .06°; a probably  acceptable  value  insofar  as  maneuver  error  effect  is  concerned. 

3. 5.2.4. 3 Horizontal  Miss  Component  Error 

Referring  again  to  Appendix  L,  the  following  equations  have  the  functional  relations 
indicated: 

S = Vr  At^a  = R,,  613)  (L-30) 

M = f(Ra,  Rb.  603,  S)  (L-31) 
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y^  = f(Ah^,  Ahg.  s) 

(L-5) 

My  = f (Aha.  Rg.  M,  yy) 

(L-4) 

Mjj  = f (M,  My)  . 

(L-6) 

Differentiation  of  these  equations  and  subsequent  elimination  of  ds,  dOy,  dM  and  dM^  leads 
to  dMjj  = f(d6i2).  with  range  and  altitude  difference  error  effects  not  considered: 


dMjj  = ^ [(RjR^cos  6^-M3)(yR|  -M®  + My  sin  yy) 


Mh  -M® 


+ My  (R^  - M® ) sin  yy 


(3.5-96) 


= Fjj  sin  6j3  • d63a 


Now,  from  Equation  L-26,  it  is  seen  that 


612  = f «i.  ^3.  (P3  - Pi),  (r*  “ ri)l 


and  it  is  desired  to  find 


d01  ’ 3Pi  ’ dr^ 


Differentiating  Equation  3.4-1,26  with  respect  to  4{,  Pj,  r^  and  eliminating  de^  through 
the  use  of  Equation  3.5-86,  and  neglecting  terms  involving  (Pj-Pi)  dcj,  (rg-rj)  dc^  results 
in 

sin  613  • dfi^ 


sin  (^-/3i ) 


= cos  cos  fg  • d (^  - (ti ) 

+ (dp,  sin  ^ + drg  cos  /3^)  sin  c,  cos 
- (dp^  sin  ^ + dr^  cos  sin  q cos 


(3.5-97) 
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0 


Substitution  into  Equation  3.5-88  leads  to  Identification  of  the  desired  partlals  (sen- 
sitivities), viz,: 


= -Fh  sin  (^-^)  cos  cos  c. 


^Mh 

aPi 


-Fjj  sin  sin  )3i  sin  Cj  cos  ^ 


dMjj 

= Fjj  sin  (;S^-/3i)  cos  /3i  sin  cos  c. 


2-  = Fh  sin  (/^-/Si)  sin  /Sj  sin  ^ cos 

SPa 


= Fh  sin  cos  sin  ^ cos 


Evidently,  considering  purely  random  errors  only  in  the  (independent)  attitude 
measurements , 


Several  subcaaeB  are  of  special  Interest: 

Case  1;  Horizontal  Plane  Conflict  (Figure  3-79) 

= €a  = 0;  Pi  = Pa  = 0;  = t^  = 0;  - ipi  = 0*  “/y  = 0*  ^12  " 

From  Equation  L-3, 

H S 

and  Equation  3.5-97  gives 

ddja  = d (li),  - ) . » 


Substitution  In  Equation  3.5-96  leads  to 


= ZL 


a(MH)  = ^ (RiRa  cos  612-Mjj® ) CT  (0) 
s 


(3.5-99) 


In  particular,  If  additionally  61a  = 0,  then  Mjj  = 0 (pure  collision  course)  and 


a(MH)  = ^ RiI^ct(0) 


(3.5-100) 


or 


g(MH) 

a((^)) 


(ft. /deg.) 


/2  RiR^ 

57.3  8 


Case  2:  V^.  Horizontal  and  Above  Wing  Plane  (Figure  3-80), 

6m  ^ A,-/3i5  ^ <2  = Ea?  Pi  = Pa  = O’  ^1  = ^3  = »»  '/'a'^ih  = 0;  = 0,  = Ah 
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Using  Equations  3.5-96  and  3.5-97, 


where, 


= /2  Q cos  El  cos  Eg 

a(0)  ^ = 


(3.5-101) 


= Q [ sin® /i,  sin®  cos“  Ej  + 8ln2 /3i  slna  El  coB»  E,]^'^  (3.5-102) 


cr(MH) 


= Q [ cos®  jSg  sin®  Eg  cos®  Ei  + cos®  ^ sli^  Ei  cos®  Eg]  (3,5-103) 


Q = [ RiRg  cos  6ig  - M®  ] sin  (/3^-i3i ) . (3.5-104) 

Mh^ 

. cr(MH)  , £^(Mh) 

Note  that  for  the  same  values  of  (^-ft),  the  quantitative  values  of 
are  Interchanged  when  ^ = 0”  and  when  ^ = 90*. 

Case  3:  Vertical  Plane  Conflict,  Vj.  Horizontal,  = 0 (Figure  3-81), 


= 0;  6ig  = Eg  - Ei;  M = Ml 


In  this  case.  Equation  3.5-96  cannot  be  used  because  of  the  zero  term  In  the  denominator. 
Differentiation  of  Equation  L-3,  after  some  manipulation,  gives 


...  Vrtcitca 
dM  - 


(3.5-105) 


and  differentiation  of  Equation  L-4  gives 


^ M sin  yy  • d6i 


(3.5-106) 
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m 


where 


tci  “ 


tea  = /B|  -M^/Vr 


The  above  equations  are  perfectly  general. 


Noting  that 


Mh*  = M?  - M » 


and  taking  perturbations,  we  have,  for  Mjj  = 0 and  M - M^, 


(3.5-107) 


(3.5-108) 


AMj|»  = AM(AM+2M)  - AMy  (AM^  + 2My)  . (3.5-109) 


For  Ty  = 0,  AMy  must  be  zero.  Substituting  Equation  3.5-105  Into  Equation  3.5-109, 


AMh»  = 


d6u  d6ia  + 2My]  • (3.5-110) 


For  the  special  case  of  the  vertical  plane  conflict. 


cos  El  Ra  cos  Ea 

^ci  “ V ^ ~ V 

Vr  » r 


Assuming  purely  random  attitude  errors,  d6ia  = 0,  so  that  the  expectation  of  Equation 
3.5-110  gives  the  rms  error  In  Mu: 

t R,  R_  cos  E,  cos  EL 
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where 


Bln”(E^-E,) 

8ln= 


= 2 COB  COB®  e,  a®  (^) 


+ (sln^  fig  Bln®  €g  COB®  Cj  + Birf  /3j  sin®  cob®  f,)  o®  (P) 

+ (COB® sin®  fg  COB®  Cj  + cob®  iS^  Bln*  cos®  C3)  0®(r)  . (3.5-112) 

3 . 5 . 2 . 4 . 4 Quantitative  Results 

Case  1:  For  horizontal  and  In  the  wing  plane,  we  assume  the  condition  of  a Tau  2 
cardlold  penetration,  so  that 


R-  = R^L(ft.)  = 10936.8  + 67.5  Vj. 


(3.5-113) 


with  Vj.  In  knots.  Then 


S = 1.688  VyAt^j 


(3.5-114) 


with  Vy  In  knots  and  Atjg  In  seconds,  and 


Rg  = R,  - S 


(3.5-115) 


MisB  threshold,  at  Tau  2 penetration,  1b  taken  as 


T^  (ft.)  = 11,200  + 8 Vy 


(3.5-116) 


with  Vy  In  knots.  This  can  be  used  to  compare  with  the  horizontal  miss  error  per  degree 
of  yaw  error.  Range  alarm  and  miss  threshold  at  Tau  2 cardlold  penetration  are  shown  as 
a function  of  relative  velocity  In  Figure  3-82. 
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Thfc  miss  error  sigma  per  degree  of  yaw  error,  for  M = 0,  la  computed  from  Equation 
3.5-100  and  is  shown  gr£q)hlcally  In  Elgure  3-83, 


r 


NormaUzlng  by  dividing  by  enables  determination  of  relative  effect,  as  shown  in  the 
figure.  Thus,  In  order  not  to  significantly  decrease  the  efficiency  of  the  miss  hazard 
evaluator  in  reducing  false  alarm  probability,  the  effect  of  yaw  attitude  error  should 
produce,  say,  an  order  of  magnitude  less  of  miss  error  as  compared  to  threshold  value. 
Taking  the  sensitivity  ratio  at  lowest  V^,  we  set 

I IdT  1 1 

7 = = 1.002 

80  that  O'(^)  = . 1“  is  certainly  acceptable  under  the  stated  geometric  condition. 

Case  2:  Taking  7^  = 0,  = Ah  = 600  ft.,  jS^  = 0 (or  90“)  and  all  attitude  angles 

at  both  sampling  times  zero;  and  taking  penetration  of  the  Tau  2 cardlold  as  a kinematic 
condition,  then; 

Rj  = 10936,8  + 67.5  Vp  cos  (3.5-117) 


J 

! 
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where 

a,  = sln-^  (-^)  = sln-i  (^)  (3.5-118) 

with  M.p3 given  by  Equation  3,5-116.  For  a specified  (hence  M.p),  Equations  3.5-117 
and  3.5-118  can  be  solved  by  a trial  and  error/iteration  process  to  give  and  aj.  The 
remaining  parameters  required  for  calculating  the  sensitivities.  Equations  3.5-101  through 
3.5-104  are  S,  E^,  R, , Eg.  Mh,  obtained  from 

S = VrAt^  (3.5-119) 
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= tan"^  ( 


S sin  ai 


- S cos 
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(3.5-120) 


Cj  = = sln-i  (^) 


(3.5-121) 


R,  = S sin  tti/sln  6 
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(3.5-122) 


€a  = = sln-i  (-^) 


(3.5-123) 


^ 08  I 2R^  r^  cos  cos  E,  ' 


(3.5-124) 


Mjj  = yM-i^  - . (3.5-125) 

For  Tau  1 cardioid  penetration,  we  have  the  same  set  of  equations,  except  that  in  lieu  of 
Equations  3.5-116  and  3.5-117  we  have 

M-pi  (ft.)  = 1700  + 7 Vr  (3.5-126) 


with  Vj.  in  knots,  and 


= RAL(ft-)  = 1519  + 42.2  Vp  cos  (3.5-127) 


with  Vp  in  knots . 

The  miss  sensitivity  to  yaw  error  is  depicted  in  Figure  3-84,  for  both  Tl  and  T2  nenetration. 
Comparing  the  sensitivity  curves  of  Figures  3-83  and  3-84  (for  T2),  it  is  seen  that  the  latter 
is  monotonlcally  increasing  with  Vj.,  the  extremum  being  8290  ft. /deg. , and  the  normalized 
ratio  to  Mj  (at  500  knots)  is  .65.  The  extremum  in  Figure  3-83  (at  V^.  = 50  knots)  is  11630 
ft. /deg. , with  a normalized  ratio  of  1.0.  A measure  of  comparison  of  the  extrema  (at 
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= 500  knots)  of  the  Ti  and  t2  curves,  In  Figure  3-84,  is  obtained  by  noting  that  the 
normalized  ratio  for  the  Tl  point  is  .42  (i.e.,  less  than  the  ,55  value  for  the  t2  curve). 

For  = 0,  the  roll  sensitivity  at  T2  is  at  most  (over  the  50  to  500  knot  regime)  123  ft./ 
deg.;  for  Tl  penetration,  the  largest  roll  sensitivity  is  67  ft. /deg.  The  pitch  sensitivities 
are  less  than  4 ft. /deg.,  but  note  that  the  roll  and  pitch  sensitivity  values  are  interchanged 
if = 90*. 

Case  3:  Consider  the  geometric  condition  displayed  in  Figure  L-9  (or  L-10)  of  Appendix 
L,  where  = ((la  = 0,  Pj  = p^  = 0,  r = 0,  r,  = 3“.  ySj  = 0,  = 0,  63,  = Eg  - Ej,  M = My 

= Ah.  Letting  Ah  = 600  ft.  and  considering  r2  penetration, 

= RaL  = 10936.8  + 67.5  Vy  cos  Ej 
^ 10936.8  + 67.5  V^. 


with  Vj.  in  knots . Note  that 


and  Eg  is  given  by 


where  S = 1,688  Vj.  Atj^,  with  Vj.  in  knots  and  At^  = 5 seconds.  Cg  and  jS,  are  given 
respectively  by 


fg  = sin"^  [ sin  Eg  cos  rg ] and  (3.5-129) 

)3g  = tan'’^  [- tan  Eg  sin  rg]  , (3.5-130) 


$ 
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finally. 


R = 

^ slnE, 


(3.5-131) 


and  all  parameters  for  sensitivity  evaluation  can  be  determined  for  specified  Vy. 

Miss  error  sensitivities  were  calculated  using  Equations  3.5-111  and  3.5-112,  and  are 
depicted  In  Figure  3-85.  The  sensitivity  to  roll  error  is  now  fairly  significant,  attaining 
an  extremum  of  876  ft. /deg.  for  Vy  = 50  knots.  The  sensitivity  to  pitch  error  Is  neg- 
ligible. (Note  that  If  all  attitude  angles  are  zero  except  that  Pa  = 3',  and  = 90®,  the 
sensitivity  roles  would  be  Interchange.)  The  sensitivity  to  yaw  error  Is  somewhat 
higher  than  that  in  Case  1,  reaching  an  extremum  of  20, 580  ft. /deg. ; or  with  respect 
to  miss  threshold,  a ratio  of  1.77.  Taking  an  allowable  a(0)  = ,13*  (ARINC  ^ec  117, 
Autc^ilots),  the  normalized  ratio  at  the  extreme  condition  is 

= 1.77  X .13  = .23 

which  may  be  considered  acceptable  at  the  very  low  V . (Note  from  Figure  3-85  that 
a(MH) 

drops  off  very  rapidly  with  increasing  Vj.,  attaining  a value  - beyond  V^.  = 150 
knots  - of  about  l/3  that  at  Vy  = 50  knots. ) 
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SECTION  4.0 


BREADBOARD  ANTENNA  (TASK  3.1) 


4.1  SUMMARY 

A breadboard  antenna  array  having  H - 0,  H = 1,  and  H = 4 modes  was  built  and  tested 
over  a relatively  wide  frequency  range  several  times  greater  than  the  required  band. 

The  measurements  included  VSWR  at  each  port,  cross-coupling  between  ports,  azimuth 
and  elevation  patterns  for  each  port,  and  miscellaneous  experiments  to  aid  in  the  studv 
of  the  data. 

The  analysis  of  the  data  showed  that  the  basic  concept  evolved  in  the  study  program  was 
validated.  Areas  in  which  the  circuitry  could  be  improved  were  also  Identified.  Additional 
experiments  were  conducted  to  aid  in  evaluating  bearing  measurement  error  caused  by 
reflection  from  objects  such  as  the  vertical  stabilizer. 

4.2  CONCLUSIONS 

The  antenna  was  found  to  be  broadband  in  operation.  The  VSWR  at  the  various  ports  was 
around  1.2  or  better;  the  cross-coupling  between  different  mode  ports  varied  from  30  db 
to  50  db.  The  phase  linearity  of  the  four-cycle  mode  (used  in  the  fine  measure  of  azimuth 
bearing)  was  very  good  in  spite  of  a small  amplitude  unbalance  in  the  hybrids.  The  time 
scope  of  the  program  did  not  permit  full  analysis  of  all  of  the  accumulated  data.  However, 
a preliminary  study  of  a small  portion  of  the  data  indicated  a maximum  bearing  error  of 
j^l"  of  which  one-half  can  be  attributed  to  correctable  amplitude  imbalance  In  the  hybrids. 

The  phase  linearity  of  the  one-cycle  mode  (used  in  the  coarse  measurement  of  bearing 
and  for  resolving  bearing  ambiguity  of  the  four-cycle  mode)  showed  undesirably  high 
ripples  at  certain  azimuth  angles.  Experimental  work  Indicated  that  this  distortion  was 
caused  by  reradlatlon  from  the  outer  ring  of  monopoles.  It  is  expected  that  this  anomoly 
can  be  eliminated  by  installing  diode  switches  In  the  four-cycle  array  to  provide  short- 
circuits  when  the  one-cycle  mode  is  being  used. 
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Those  onomolies  are  to  be  expected  to  a short  data  gathorlns  prograto.  T'hey  are  cor- 
rectable by  relatively  small  modifications  which  would  take  more  time  than  presently 
available.  The  antenna  concept  was  proven  to  be  practical  and  future  work  could  be 
directed  to  correction  of  the  anomolles,  and  to  tests  more  representative  of  the  curved 
ground  plane  and  multipath  sources  of  an  aircraft. 


4.3  ANTKNNA  MECHANICAL  DESIGN 

The  antenna  assembly  (Heure  4-1)  consists  of  21  monopoles  mounted  on  the  ground 
plane  with  a strip  transmission  line  teed  and  5 TNC  strlpllne  connectors.  The  diameter 
of  the  assembly  Is  15.00"  and  the  height  is  3, 167"  . 

Two  sheets  of  .031"  thick  dielectric  substrates  were  used,  the  top  clad  with  1 oz.  (.0014 
thick)  copper  one  side,  and  .062"  aluminum  on  the  other  side.  The  bottom  sheet  has 
only  .062"  aluminum  clad  to  one  side.  The  aluminum  serves  as  the  ground  plates  for 
the  stripline  and  as  the  ground  plates  for  the  monopoles.  It  also  imparts  mechanical 
stability  to  the  assembly  and  minimizes  warpage  during  circuit  etchbig  operations . The 
pattern  of  the  transmission  lines,  shown  in  Figure  4-2,  is  transferred  to  the  copper  and 
the  remaining  copper  etched  away.  The  dielectric  is  RT/Durold  5870,  a polMetrafluoro- 
ethylene  laminate  reinforced  with  randomly  oriented  microglass  fibers . 

For  each  H = 1 and  H = 4 monopole,  a .250"  diameter  hole  is  bored  through  the  aluminum 
ground  plane,  followed  by  an  .083"  diameter  hole  through  the  Duroid  and  the  copper  pad. 
The  monopole  is  then  centered  by  a Teflon  bushing  and  its  bottom  . 1 Is  soldered  to  the 
copper  pad.  The  Rexolite  sleeve  is  then  bonded  to  the  monopole  and  to  the  ground  plane 
to  provide  support.  The  H = 0 monopole  is  soldered  directly  to  a TNC  center  conductor 
rather  than  to  a copper  pad.  It  is  located  in  the  center  of  the  disk  and  has  no  printed 
circuitry  associated  with  it. 

For  Joining  the  TNC  stripline  connectors  to  the  printed  copper  paths,  the  so  called  I'uzz 
Button  is  used,  rather  than  soldering  the  center  conductors  to  the  copper  paths.  This  is 
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Photo  of  Breadboard  Antema 


y<\  o 


'll 


a loosely  woven  button  consisting  of  gold  plated  fine  copper  wire,  inserted  into  the  .083 
diameter  hole  drilled  in  the  bottom  layer  of  dielectric,  which  exposes  the  copper  path 
printed  on  the  top  dielectric  layer.  On  securing  the  TNG  coiuiector,  its  center  conductor 
compresses  the  Fuzz  Button  assuring  good  contact. 

An  antenna  of  this  type  would  be  quite  practical  to  produce  and  to  utilize  on  an  aircraft. 
The  strip  transmission  lines  would  be  sandwiched  by  heat  bonding.  All  holes  would  be 
drilled  after  bonding.  The  holes  required  for  the  monopoles  and  the  TNG  connectors 
would  be  masked,  and  the  remaining  holes  used  for  mode  siqjpression  would  be  plated 
through.  After  removing  the  masking,  the  connectors  would  be  assembled  and  the  mono- 
poles soldered.  The  entire  assembly,  except  for  a surface  on  the  periphery  which  is 
required  for  grounding  to  the  skin  of  the  aircraft^  would  be  sprayed  with  a polyurethane 
resin  (MFP).  Finally  the  radome  would  be  epoxied  to  the  ground  plane. 

I 

[ The  radome  would  be  constructed  of  a thin  epoxy  fiberglass  dome.  The  entire  structure 

j would  be  reinforced  with  a fire  retardant  polyurethane  foam  that  completely  fills  the  in- 

I side  of  the  radome.  The  foam  material  has  sufficient  structural  properties  to  provide 

I substantial  support  to  the  monopoles.  The  radome  would  be  a truncated  sphere  of  15' 

j diameter  and  extending  3”  above  the  ground  plane,  and  will  present  minimum  aerodynamic 

! drag. 


4.4  TEST  PROG EDURES 

The  ground  plane  was  mounted  perpendicular  to  the  floor  in  the  microwave  laboratory, 
and  cross-coupling  measurements  made  between  the  H = -f4  and  H = -4  ports  versus  fre- 
quency. For  this  test,  all  monopoles  in  the  outer  ring  were  set  to  the  length  determined 
from  the  earlier  test  using  the  45°  comer  reflector.  In  this  and  all  following  tests,  all 
of  the  unused  ports  were  terminated  with  nominally  matched  loads  ( VSWR  between  1. 05 
and  1.09).  At  the  frequency  of  minimum  cross -coupling,  the  monopoles  were  adjusted 
in  height  to  further  reduce  the  cross-coupling.  For  this  height,  the  final  cross-coupling 
and  VSWR  data  were  taken  versus  frequency  and  plotted  in  Figure  4-3. 

4-5 


4-6 


I 


i 

E 


[ 


The  VSWR  (Figure  4-3)  is  seen  to  be  about  1.2  or  better  over  a wide  frequency  band. 

The  frequency  of  minimum  cross -coupling  is  about  2.5%  below  the  frequency  determined 
from  previous  measurements  made  with  the  circuit  analyzer.  A possible  explanation 
for  this  shift  may  be  that  the  corporate  feed  network  joining  the  four  circuit  groups  is 
not  exactly  symmetrical;  however,  this  is  not  serious  in  the  system  operation  as  long 
as  only  one  of  the  H = 4 ports  is  used  at  a time . 

Similar  measurements  were  then  made  on  the  H = 1 ring  and  the  height  of  the  center 
monopole  was  adjusted  for  minimum  VSWR.  The  measured  YSWR  data  is  plotted  in 
Figure  4-4  and  the  cross-coupling  data  in  Figure  4-4.  It  is  seen  from  the  latter  curve 
that  the  frequency  of  minimum  cross-coupling  is  quite  a bit  lower  than  the  design  fre- 
quency. This  was  found  to  be  caused  by  re  radiation  from  the  H = 4 monopoles  and 
associated  circuitry,  as  explained  in  Section  4.5.1. 

Next,  the  cross-coupling  between  ports  of  different  modes  was  measured  versus  fre- 
quency and  plotted  in  Figure  4-5.  These  values  varied  from  about  30  db  to  50  db  over 
a wide  frequency  band.  Some  of  the  variations  in  the  curves  are  probably  due  to  small 
room  reflections  which  show  up  at  the  low  levels  of  cross -coupling  but  are  of  second 
order  effect  in  the  VSWR  measurements . 

For  elevation  pattern  measurements,  the  antenna  and  ground  plane  assembly  was  in- 
stalled perpendicular  to  the  horizontal  turntable  in  the  anechoic  chamber.  Elevation 
patterns  were  taken  at  each  port  over  a frequency  range  from  1540  to  1620  MHz  for 
a total  of  25.  The  output  of  a signal  generator  was  fed  to  the  source  horn  at  the  far 
end  of  the  chamber  and  a receiver  was  connected  in  turn  to  each  of  the  three  ports  of 
the  antenna.  A small  sample  from  the  signal  generator  was  fed  to  the  receiver  as  a 
reference  to  measure  the  relative  phase  of  the  received  signal.  The  0 = 0®  coordinate 
was  designated  as  the  normal  to  the  ground  plane;  hence,  the  ground  plane  Itself  is 
designated  0 = 90® . All  of  these  patterns  show  the  typical  effects  due  to  the  diameter 
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of  the  ground  plane  being  finite;  an  upward  tUt  of  the  beam  maximum  and  ripples  In 
both  amplitude  and  phase  on  the  beam  shape.  Each  of  the  low  level  lobes  below  the 
ground  plane  exhibit  a complete  phase  re\'ersal. 

For  azimuth  patterns,  the  ground  plane  was  mounted  about  three  feet  above  and 
parallel  to  the  top  of  the  turntable.  The  turntable  was  tilted  In  elevation  to  an  angle 
of  0 = 78“  which  was  chosen  from  inspection  of  the  elevation  patterns  to  provide  a 
tilt  angle  near  the  peak  of  the  beam  and  where  the  phase  curve  was  nearly  flat.  This 
would  not  have  been  necessary  if  the  ground  plane  were  larger. 

Azimuth  patterns  were  taken  for  each  port  at  frequencies  from  1540  to  1620  MHz  for 
a total  of  twenty  five.  At  each  frequency,  the  phase  plot  of  the  H = 0 mode  was  set 
near  the  center  of  the  phase  graph.  This  phase  control  was  not  changed  while  taking 
the  patterns  for  the  four  other  ports  at  this  same  frequency. 

Hence,  the  phase  difference  between  any  two  of  the  curves  will  give  the  characteristic 
that  would  be  obtained  if  a phase-comparison  Instrument  were  Joined  to  the  respective 
two  ports.  The  phase  difference  could  not  be  measured  directly  because  only  one  slip 
ring  was  available  on  the  turntable . 

4.5  RESULTS  OF  THE  PATTERN  MEASUREMENTS 
4.5.1  H = 0 Mode 

From  the  azimuth  patterns,  it  was  seen  that  the  phase  vs.  bearing  response  of  the 
H = 0 mode  was  not  flat  as  expected.  There  was  a variation  of  ten  degrees  with  one 
maximum  and  one  minimum  per  revolution.  This  w’as  found  to  be  caused  bj^  the  arra\' 
not  being  exactly  over  the  center  of  rotation.  A physical  check  was  made  in  which  a 
fixed  pointer  was  suspended  directly  over  the  tip  of  the  center  monopole.  The  nutation 
of  this  monopole  was  found  to  be  about  0.2  inch  for  one  revolution  of  the  turntable.  At 
this  frequency  this  would  produce  about  ten  degrees  phase  change,  which  checks  very 


closely  with  the  patterns.  Also,  the  high  and  low  values  of  phase  on  the  patterns 
corresponded  to  the  azhnuth  angles  at  which  the  monopole  was  closest  and  furtherest 
from  the  source  horn. 

There  were  also  some  smaller  ripple  effects  that  are  attributable  to  minor  physical 
ripples  In  the  circular  ground  plane  and  possibly  also  to  small  reflections  from  the 
walls  of  the  anecholc  chamber. 

A typical  plot  of  the  azimuth  bearing  data  versus  azimuth  angle  is  presented  in  figure 
4-6.  It  is  seen  that  the  maximum  departure  from  the  ideal  characteristic  is  about  16 
degrees  at  certain  azimuth  angles.  Repeating  the  plots  at  three  different  frequencies 
showed  that  the  ripple  characteristic  is  fairly  Independent  of  frequency . 

Tests  indicated  the  fault  to  be  caused  by  unsymmetrical  reradiatlon  from  the  outer 
ring  of  16  monopoles  and  its  associated  circuitry.  The  base  of  all  sixteen  monopoles 
in  the  outer  ring  were  shorted  to  the  ground  plane.  Azimuth  patterns  were  then  measured 
and  considerable  improvement  in  amplitude  and  phase  linearity  was  found.  As  a further 
experimental  check,  one  diagonal  pair  of  the  H = 1 monopoles  was  shorted  to  ground. 

Two  azimuth  patteriis  were  then  measured  with  the  receiver  at  the  H = 1 port.  In  one, 
the  sixteen  outer  elements  were  shorted  and  in  the  other,  the  shorts  were  removed  from 
the  outer  ring. 

The  amplitude  characteristic  of  the  shorted  case  was  verj-  close  to  calculated  values 
for  a two-element  array,  and  the  phase  curve  was  fairly  flat  as  it  should  be.  However, 
with  the  shorts  removed  from  the  outer  ring  elements,  considerable  distortion  occurred 
in  both  the  amplitude  and  phase  characteristic . 

It  is,  therefore,  concluded  that  the  major  problem  lies  in  the  reradiation  from  the  outer 
assembly.  Radiation  from  the  H = +1  ports  excites  the  sixteen  outer  elements  with  equal 
amplitudes  but  progressively  phased  in  22-1/2  degree  steps  around  the  circle.  Now,  if 
the  outer  elements  are  either  shorted  to  ground  or  are  open-circuited,  then  by  symmetry 
the  reradlated  wave  from  the  outer  ring  will  also  be  a pure  H = +1  mode.  Hence,  no 
-pattern  distortion  will  occur. 
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Figure  4-6.  Azimuth  Bearing  Versus  Phase  Difference  for  H = 0,  H 


In  the  present  case,  however,  little  or  no  slgiial  arrives  at  the  H = +4  ports  with  excitation 
of  the  H =_t_l  ports.  This  meaixs  that  there  are  no  resistive  losses  (other  than  from  normal 
line  losses)  in  the  hybrid  circuits  for  the  H =_|4  modes.  Thus,  in  effect,  the  input  ports 
to  each  of  the  four  outer  hybrids  are  terminated  with  reactatices,  the  magnitudes  of  which 
depend  on  the  lengths  of  the  corporate  feed  network  legs  joining  the  hybrids  to  common 
ports.  Since  the  four  monopoles  of  each  quadrant  are  joined  together  through  a hybrid 
and  hence  intercoupled,  then  the  reradiated  signals  may  take  a complex  variety  of 
relative  amplitudes  and  phases,  resulting  in  higher  mode  distortion  components. 


One  option  to  solve  the  anomoly,  using  the  present  circuitry,  is  descrited  below.  If 
eight  short  circuits  are  applied  at  the  points  marked  A in  Figure  4-2,  then  the  hybrids 
would  be  eliminated  from  the  circuitry  when  it  is  desired  to  employ  only  the  H = 0 and 
H =jt-i  modes  for  approximate  azimuth  bearing  without  ambiguity.  The  shorts  would 
then  be  removed  when  using  the  H = 0 and  H = +4  mode  mode  (or  H = -4  mode).  These 
shorts  could  be  obtained  by  the  use  of  remotel^'-controlled  diode  switches. 

Another  advantage  is  obtained  by  applying  the  shorts  at  the  indicated  points.  The  elec- 
trical length  from  point  A to  the  two  fed  elements  are  l/4X  and  3/4X,  respectively. 

Hence,  a short  a A,  open-circuits  the  base  of  each  of  the  fed  monopoles,  thus  reducing 
their  re  radiation. 

It  is  to  be  noted  that  the  present  circuitry  automatically  prevents  higher  mode  reradlation 
when  the  H = 0 mode  is  fed.  For  this  case,  all  sixteen  of  the  outer  elements  are  fed  in 
phase  with  equal  amplitudes.  Thus  the  signals  arriving  at  point  A cancel  and  automatically 
give  an  effective  short  circuit  at  that  point. 

4.5.2  H = 4 Mode 

The  phase  slopes  for  the  H = ^ modes  showed  much  closer  conformance  to  the  calculated 
values  tl.an  did  the  H = mode.  The  graph  of  Figure  4-7  compares  the  measured  H = 0, 

H = 4 azimuth  pattern  data  with  the  ideal  characteristic  at  one  frequency  of  operation.  (A 
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Figure  4-7.  Bearing  Versus  Phase  Difference  for  H-0,  H=  -4 


4-15 


more  accurate  determination  of  the  bearing  error  may  Ije  derived  from  tlie  expanded 
data  given  in  Section  4.5.3.) 


The  H = t4,  H = -4  azimuth  pattern  data  presented  in  fTgure  4-8  confirms  a hypothesis 
for  a possible  alternative  system.  In  this  alternative,  the  phase  difference  is  measured 
between  the  +4  and  -4  ports,  which  would  provide  a multiplication  factor  of  eight  Instead 
of  four  and  also  would  decrease  bearing  error  resulting  from  elevation  angle  change. 

However,  to  achieve  this  goal,  the  cross-coipllng  between  the  +4  and  -i  ports  must  be 
much  better  than  obtained  with  this  first  breadboard  model. 

4.5.3  Multipath  Effects 

A limited  experiment  was  performed  to  determine  the  effect  of  multipath.  A grounded 
parasitic  radiator,  in  the  form  of  a conical  monopole,  was  mounted  off  center  on  the 
ground  plane  and  azimuth  patterns  were  measured.  Because  of  space  limitations,  the 
monopole  was  only  three  feet  from  the  center  of  the  array  under  test.  This  is  not  suffic- 
iently representative  of  an  aircraft  structure  and  consequently  the  Improvement  from  fre- 
quency diversity,  predicted  for  greater  spacings,  was  not  achieved. 

A cone  was  used  because  it  presents  a constant  aperture  and  reflection  angle  as  it  rotates 
around  the  antenna  whereas  a flat  reflector  would  not. 

The  resulting  patterns  showed  increased  ripple  (in  the  normal  cone  regions)  In  both 
amplitude  and  phase  Introduced  by  the  cone  reradiatlon.  It  was  found  that  the  cone  re- 
radiation  Introduces  an  amplitude  ripple  of  about  +0.5  db  which  checks  very  well  with 
the  predicted  value  of  +5.6%  in  field  (or  ^.47  db). 

To  determine  the  effect  of  frequency  diversity,  additional  patterns  were  taken  at  1596, 

1604,  1611,  and  1619  MHz.  For  these,  the  azimuth  scale  was  expanded  for  the  H = +4 
patterns  to  secure  greater  accuracy  in  resolving  the  azimuth  bearing  error.  The  data 
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Figure  4-8.  Bearing  Versus  Phase  Difference  for  H - -4,  H = +4 


4-17 


was  taken  both  with  and  without  the  cone  parasitic  radiator  In  place.  Ilgure  4-9  shows 
a pattern  trace  of  the  quadrant  where  the  deviation  from  linearity  was  most  pronouiiced, 
at  1604  MHz,  and  with  the  cone.  The  phase  differences  were  scaled  from  these  patterns 
and  their  departure  from  linearity  plotted,  as  In  Hgure  4-10. 

Figure  4-10  shows  the  error  curves  resulting  from  patterns  made  with  and  without  the 
cone,  at  1604  MHz,  The  results  of  the  latter  would  be  expected  to  represent  only  ripple 
error  with  a cyclicity  of  22.5°,  but  Instead  had  a cyclicity  of  45“  . Also,  the  peak-to-peak 
amplitude,  after  deducting  the  effect  of  unequal  amplitude  division  of  hybrids.  Is  about 
which  agrees  with  the  value  determined  anal\'tlcally  In  Appendix  O. 

It  was,  therefore,  concluded  that  the  lower  curve  contains  imintentional  multipath  effects 
due  to  turntable  edge  effects  and  Imperfections  in  the  anecholc  chamber. 

Examining  the  upper  curve  for  the  Introduced  multipath  effect,  and  subtracting  the  0.5“ 
experimental  error,  leaves  a peak  error  of  2“ , which  agrees  with  the  value  determined 
analytically  In  Appendix  O.  This  also  compares  with  the  1.4”  maximum,  at  any  frequency 
and  any  bearing,  as  given  In  the  analytic  results,  Table  3-8  of  Section  3.5.2. 1.  The 
upward  shift  of  the  curve,  indicating  a positive  bias,  has  not  been  explained. 

A composite  picture  of  multipath  errors  at  four  different  frequencies.  Is  depicted  In 
Figure  4-11.  A mean  value  (solid  lines)  Is  also  shown.  All  of  the  plots  have  the  same 
cyclicity.  The  predicted  significant  compensation  expected  from  the  use  of  frequency 
diversity  was  not  achieved,  probably  due  to  the  closeness  of  the  cone  radiator  to  the 
antenna  structure.  It  was  previously  shown,  in  Table  3-8,  that  generally  (up  to  a 
certain  point)  frequency  diversity  has  a greater  effect  on  error  reduction,  at  greater 
antenna-to-reflector  spaclngs,  which  are  more  typical  of  aircraft  installations. 


If  .5*  Is  subtracted  from  the  peak  of  the  mean  function,  the  result  is  a value  of  1.2“ . This 
compares  with  half  the  msixlmum  peak-to-peak  mean  error  of  1.25“  shown  for  run  4,  fre- 
quency set  E,  antenna  spacing  of  104"  in  Table  3-8.  Thus,  considerable  credence  to  the 
analytical  results  of  Section  3.5.2. 1 is  afforded  by  the  test  results. 


4.5,4  Effect  of  Elevation  Angle  on  Azimuth  Patterns 

The  antenna  must  perform  properly  for  targets  at  various  elevation  angles.  A comparison 
of  the  amplitude  and  phase  changes  as  a function  of  elevation  angle  (0)  is  given  in  Figure 
4-12  for  each  of  the  three  modes  over  the  frequency  range  of  1540  to  1620  MHz.  Since 
the  pattern  shapes  are  different  for  different  modes,  then  the  phase  characteristics 
differ  also.  It  is  seen,  however,  that  the  phase  difference  between  the  H = 0 and  H = +4 
is  small  over  the  © range  of  greatest  interest;  this  is  important  in  avoiding  apparent 
azimuth  an^e  changes  with  a change  in  elevation  angle . 
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SECTION  5.0 


HARDWARE  CHARACTERISTICS  FOR  RECEIVER,  SIGNAL  PROCESSOR 
AND  DATA  PROCESSOR  (TASKS  3.2,  3.3,  3.4) 


5.1  GENERAL 

This  section  describes  the  Implementation  and  configuration  projected  for  the  receiver, 
signal  processor  and  data  processor  portions  of  the  Bearing  Measurement/Miss  Distance 
Subsystem.  These  portions  receive  signals  from  the  three  ports  of  the  ring  antenna  array 
and  provide  an  output  of  miss  distance  and  horizontal  relative  bearing  for  each  target  In 
accordance  with  the  Subsystem  Specification.  A description  of  a PWI  configuration  is 
provided  in  Section  5.5.  They  are  completely  compatible  with  other  members  of  the 
SECANT  family. 

The  following  material  describes  the  subsystem  as  it  might  be  associated  with  VECAS. 

It  utilizes  a dual  channel  receiver  in  place  of  the  single  channel  VECAS  receiver  so  that 
the  instanteous  phase  difference  between  signals  received  in  two  rings  of  the  array  can 
be  taken.  This  receiver  will  also  provide  reply  signals  to  the  correlator,  tracker,  and 
data  channels  of  VECAS,  and  probe  signals  to  the  reply  generation  channels.  The  V^ECAS 
tracker  will  control  gates  of  the  subsystem  to  coordinate  phase  measurements  for  the 
targets  being  tracked.  These  VECAS  channels  are  not  described  herein  but  the  inter- 
faces to  the  subsystem  are  shown. 

A block  diagram  of  the  Bearlng/Mlss  Distance  Subsystem  is  presented  in  Figure  5-1. 

The  receiving  system  was  configured  to  achieve  the  0.  8 degree  sewpt  bearing  measure- 
ment accuracy  requirement  defined  in  Section  2.5.  Fabrication  costs  are  minimized  by 
sharing  signal  processing  functions  between  the  VECAS  and  bearing  subsystems. 
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As  described  previously,  the  antenna  configuration  consists  of  zero,  single,  and  four 
mode  (H  = 0,  H = 1,  H = 4)  ring  arrays.  The  phase  of  the  signal  output  of  the  zero  mode 
array  is  independent  of  the  direction  of  arrival  (DOA)  of  the  incident  wave,  while  the 
phase  of  the  signal  from  the  sin^e  mode  array  exhibits  a nominally  linear  relationship 
with  the  DOA  of  the  wave.  Thus,  an  evaluation  of  the  phase  difference  (jli)  in  the  signal 
outputs  of  these  two  arrays  will  provide  a direct  bearing  measurement  without  ambiguity . 
The  four  mode  array  yields  four  times  the  phase  displacement  of  the  single  mode  con- 
figuration. Therefore,  measurement  of  the  phase  difference  (0^)  between  the  outputs  of 
the  H = 0 and  H = 4 arrays  will  provide  a more  sensitive  bearing  evaluation.  This  hi^er 
phase  versus  bearing  sensitivity  is  highly  advantageous  in  achieving  accurate  bearing  and 
miss  distance  assessments. 

The  receiver,  under  direction  of  the  control  unit,  provides  gated  signals  to  the  phase 
measurement  unit  from  the  H = 0,  and  from  either  the  H = 1 or  the  H = 4 array.  In 
addition,  the  receiver  processes  signals  which  are  utilized  in  correlation,  tracking, 
and  reply  transmitting.  Separate  antennas  and  receiver  channels  are  utilized  for  the 
top  and  bottom  fields.  As  the  bandpass  filters  in  the  receiver  channels  will  Introduce 
maximum  phase  distortion  at  the  beglimlng  and  end  of  pulses,  a gating  unit  generates 
a sampling  gate  which  extracts  a measurement  sample  from  the  central  segment  of  the 
pulse  which  has  low  phase  distortion.  The  dual  bearing  receiver  chaimels  are  phase 
matched.  One  of  the  channels  is  time  shared  between  the  H = 1 and  H = 4 antennas  to 
perform  0^  and  0^  measurements  respectively . The  other  is  connected  to  the  H = 0 
antenna  full  time . 

The  phase  measurement  unit  (PMU)  measures  the  phase  differences  between  the  signals 
in  the  two  channels  from  the  time  interval  between  the  zero  crossings  of  the  two  signals 
using  digital  counter  techniques . The  required  resolution  is  achieved  by  utilizing  analog 
verniers  to  e^and  the  time  intervals  between  pulse  and  clock  edges  and  employing 
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averaging  techniques.  The  total  clock  count,  together  with  the  number  of  measurements  j 
used  In  obtaining  the  total  count  are  combined  in  word  format  for  subsequent  evaluation  j 

in  the  data  processor. 

I 

The  standard  SECANT  system  tracking  format  Is  shown  in  Figure  5-2 . This  format 
utilizes  two  groiq>s  of  62  Interrogation  probes  separated  by  a 260  ms  time  period.  Range 
gates  and  circuitry  are  provided  for  tracking  and  measuring  the  range  and  bearing  of 
to  32  targets.  In  order  to  have  an  adequate  number  of  most  recent  samples  for  high 
accuracy,  target  bearing  data  Is  obtained  on  each  of  the  reply  pulses  for  the  latter  | 

i 

62  probe  groi^)  (Group  B).  As  data  is  utilized  only  to  resolve  the  quadrant  of  the  ■ 

: . target  bearing,  its  accuracy  requirement  is  much  lower.  Therefore,  ^ target  bearing  j 

data  is  obtained  only  on  the  reply  pulses  for  the  first  ten  probes  of  Group  A.  As  data  for  j 
. ’ up  to  32  targets  can  be  obtained  on  each  probe,  each  output  of  the  phase  measurement  | 

I unit  is  stored  in  separate  storage  reglstera  for  subsequent  data  processing.  A set  of  j 

aircraft  attitude  data  is  also  stored  for  each  track  format  sequence.  j 

1 

The  data  processor,  under  direction  of  the  control  unit  processes  the  individual  samples  | 
and  rejects  wild  readings,  to  derive  a bearing  for  each  target.  The  derived  values,  to-  ! 

gether  with  target  range  and  altitude  information  and  the  aircraft's  roll,  pitch,  and  yaw  i 

data,  are  utilized  to  evaluate  the  target  miss  distance  vector  and  horizontal  relative 
bearing.  The  data  processor  can  be  implemented  by  a special  puri>ose  micro-processor 
together  with  special  purpose,  hard  wired  logic  (e.g.,  signal  sorter,  gating  unit,  round 
time  computer)  to  decrease  the  data  processing  time  and  to  alleviate  software  costs. 

5.2  RECEIVER  CONFIGURATION 

A block  diagram  of  the  receiver  which  processes  bearing  and  other  signals  utilized  in 
a SECANT  system  is  shown  in  Figure  5-3.  This  unit  furnishes  reply  signals  via  the 
dual,  phase-matched,  channels  to  the  phase  measurement  unit.  Other  channels  are 
provided  for  furnishing  replies  to  the  correlator  and  tracker,  and  received  probes  to 
the  reply  generator.  Separate  dual  receiver  channels  are  provided  for  the  upper  and 
the  lower  smtennas. 
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The  front  end  of  the  receiver  is  located  at  the  antenna  to  minimize  noise  interference 
and  phase  errors  introduced  by  VSWR  ratiations  and  changes  In  the  electrical  length 
of  long  cables  carrying  1600  MHz  signals.  Even  at  a 173  MHz  IF  frequency,  it  will 
be  desirable  to  bind  the  cables  for  both  channels  in  a common  jacket  to  produce  similar 
temperature  changes  and  vibration  Induced  stresses  for  both  long  cable  runs.  As  phase 
measurement  accuracy  is  a function  of  the  signal/ noise  ratio  at  the  phase  detector,  low 
noise  preamplifiers  would  be  located  at  the  outputs  of  each  antenna.  Double  conversion, 
superheterodyne  receivers  would  be  utilized.  Common  local  oscillators  would  be  em- 
ployed so  that  the  oscillator  voltages  applied  to  the  mixers  in  the  two  receiver  channels 
would  have  equal  phase.  In  this  way,  the  IF  voltages  in  the  two  receivers  will  maintain 
the  same  phase  difference  as  existed  in  the  RF  signals  at  the  antenna  outputs . 

Both  manual  and  automatic  phase  adjustment  is  incorporated  to  minimize  the  effects  of 
both  long-term  and  short-term  phase  drifts  in  the  bearing  chaimels . The  manual  phase 
adjustment  would  be  first  set  after  the  SECANT  equipment  is  Installed,  to  correct  for 
the  initial  phase  shift  in  the  two  paths  from  the  antenna,  to  the  signal  delivered  to  the 
phase  measurement  unit.  This  manual  phase  alignment  would  then  be  performed  at 
periodic  Intervals  (e.g. , annually)  to  correct  for  long  term  phase  changes  caused  by 
such  factors  as  drifts  in  filter  components,  dielectric  changes  In  cables,  etc. 

Automatic  phase  adjustment  ig)dating  is  incorporated  to  equalize  the  smaller,  short- 
term phase  drifts  between  the  two  receiver  channels . The  updating  would  be  performed 
during  10  ms  time  slots  just  prior  to  the  62  probe  sequence  during  which  0^  target  bearing 
data  is  obtained.  Phase  correction  is  accomplished  by  a feedback  control  system.  During 
updating,  the  signal  from  a signal  generator  is  transmitted  near  the  antenna  arrays  of 
both  receiver  channels.  At  this  time,  the  output  of  the  phase  detector  will  indicate  the 
phase  difference  between  the  two  channels.  This  error  signal  is  amplified  and  used  to 
drive  a phase  shift  network  in  one  of  the  channels  to  null  out  the  phase  error. 
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The  first  and  second  IF  frequencies  are  selected  in  accordance  with  CAS  input  data  on 
probe  type  (i.e. , P or  Q),  and  the  band  and  field  mode  of  operation.  These  are  listed 
in  Table  5-1.  For  example,  a first  L.O.  frequency  of  1434  MHz  is  employed  when 
operation  with  the  top  (above)  antennas  and  the  high  band  is  required.  The  second  IF 
of  the  two  bearing  channels  is  selected  from  four  oscillators  to  limit  the  signal  input 
to  the  phase  measurement  unit  to  a single  frequency  (i.e. , 3.5  MHz).  Thus,  a second 
L.O.  frequency  of  167.5  MHz  is  selected  when  a Q probe  is  transmitted  in  the  high  band, 
top  antenna  operating  mode.  However,  this  frequency  is  181.5  MHz  for  a P probe  under 
the  same  operating  conditions. 

The  crosstalk  between  the  H = 0 and  H = 1,  (or  H = 4)  channels  of  the  dual  bearing  receiver 
will  not  exceed  -40  db . Isolation  amplifiers  will  be  Incorporated  in  all  of  the  local  oscil- 
lator feeder  lines  and  in  the  inter-channel  sampling  gate  wires  to  inhibit  signal  coupling. 
The  two  channel  chains  will  be  mounted  on  separate  chassis,  and  shielding  enclosures 
and  shielded  wiring  will  be  utilized  to  minimize  radiation  pickup  between  them.  Separate, 
controlled,  ground  systems  and  individual  power  supply  regiilators  will  be  utilized  in  the 
two  receiver  chains  to  inhibit  cross  coupling  through  common  impedances  of  the  two 
channels . 

The  bandwidth  of  the  bandpass  filters  in  the  dual  bearing  channels  will  be  6 (+0.5)  MHz  be- 
tween the  -3  db  point  on  the  skirts.  The  bandwidth  of  the  filters  at  the  outputs  of  the  probe 
and  reply  channels  which  receive  data  for  the  correlator  trackers,  transmitters,  etc. , will 
be  1 (^.05)  MHz  between  the  -3  db  points. 

5.3  SIGNAL  PROCESSING  CONFIGURATION 

A flow  diagram  of  the  bearing  signal  and  data  processing  system  is  shown  in  Figure  5-4. 
This  diagram  exhibits  all  the  iiq)ut  and  output  signals  of  the  bearing  subsystem  and  in- 
dicates signal  utilization  within  the  system . 
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' As  shown,  two  antenna  arrays  are  employed  to  provide  full  coverage.  One  array  is 

mounted  on  top  of  the  aircraft  for  reception  In  the  upper  hemisphere  (or  field)  and  the 
other  on  the  bottom  to  cover  the  lower  field.  For  fruit  rejection,  different  sets  of 
frequencies  are  assigned  to  these  fields  so  that  only  top  antennas  can  receive  probes 
and  replies  from  bottom  transmitter  antennas.  Similarly,  only  bottom  antennas  will 
receive  transmissions  from  tc^  antennas.  Also,  to  minimize  fruit,  SECANT  uses  two 
bands  of  frequencies  for  flight  altitude  discrimination.  One  band  of  frequencies  Is 
assigned  for  altitudes  below  10,000  feet;  the  other  band  for  altitudes  above  10,000 
feet.  As  aircraft  replies  can  be  in  four  different  forms  (?■*,  P“,  and  Q"),  the 
bearing  receiver  channels  must  accommodate  16  different  frequencies . 


Table  5-1  denotes  the  P^,  P“  and  Q“  bearing  reply  frequencies  for  the  four  band 
and  field  combinations  categorized  as  W,  X,  Y,  and  Z.  The  corresponding  first  and 
second  local  oscillator  and  resultant  first  and  second  IF  bearing  frequencies  are  also 
listed.  These  frequencies  were  selected  to  conform  with  the  subsystem  signal  fre- 
quency requirements  designated  in  paragraph  3. 4. 4. 2 of  the  SECANT  Bearing  Per- 
formance Specification,  Appendix  F.  As  an  additional  constraint,  the  frequencies  must 
be  contained  within  the  30  MHz  (1592.5  to  1622.5  MHz)  frequency  interval  allocated  by  the 
FCC  to  the  anti-collision  function.  To  insure  compliance  with  this  FCC  allocation,  fre- 
quency intervals  (guard  bands)  from  1592.5  to  1594  MHz  and  1621  to  1622.5  MHz  were  not 
assigned.  Also,  the  mid-band  frequencies  of  1607  and  1608  MHz  were  not  allotted  as 
they  are  used  in  the  AGC  circuits  of  the  receiver. 

The  spread  of  RF  signals  in  each  of  the  subgroups  W,  X,  Y,  and  Z is  21  MHz  and  the 
difference  between  adjacent  frequencies  within  any  subgroup  is  7 MHz.  This  satisfies 
the  minimum  value  requirements  of  20  MHz  and  5 MHz  specified  in  paragraph  3, 4. 4. 2. 1 
of  the  subsystem  specification.  The  final  IF  frequency  of  3.5  MHz  satisfies  all  the  re- 
quirements of  paragnqph  3. 4. 4. 2. 2 of  the  specification.  The  generation  of  a single 
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frequency  from  the  final  IF  stage  of  the  bearing  channels  minimizes  the  complexity 
of  the  phase  measurement  unit  and  data  processing  system.  A low  frequency  was 
selected  to  enhance  the  resolution  of  the  phase  measurement . 


Different  second  L.O.  and  second  IF  frequencies  are  used  to  process  the  replies  for 
correlation  and  tracking. 

The  frequency  sets  designated  for  the  probe  receiver  channels  Is  shown  in  Table  5-2 . 

The  output  from  this  dual  receiver  signifies  the  field  (l.e. , top  or  bottom)  and  sense 
(l.e. , P or  Q)  of  the  probe.  This  Information  is  sent  to  the  SECANT  transmitters. 

The  Phase  Measurement  Unit  (PMU)  measures  the  time  interval  (t,  Figure  5-5)  be- 
tween the  zero  crossovers  of  the  dual  3.5  MHz  bearing  output  signals  by  digital  counter 
techniques.  The  resolution  of  the  measurement  Is  increased  by  utilizing  analog  verniers 
to  expand  the  time  intervals  between  pulse  and  clock  edges  and  employing  averaging 
techniques.  The  sampling  gate  is  generated  In  accordance  with  paragraph  3.4.4.  7. 1 
of  the  Bearing  Performance  ^eciflcation  to  extract  a measurement  sample  from  a section 
of  the  pulse  which  has  low  phase  distortion.  The  sampling  gate  is  formed  by  generating 
a 0.65  psec  pulse,  0.25  psec  after  the  leading  edge  of  the  track  gate.  The  phase  measure- 
ment gate  is  also  closed  during  the  calibration  period.  For  fruit  rejection,  the  sampling 
gate  will  be  inhibited  if  no  signal,  or  two  or  more  signals,  appear  simultaneously  at  the 
output  of  the  correlator/tracker  receiver  channel. 

High  resolution  measurements  of  time  t Is  made  from  this  sample  by  the  technique 
Illustrated  In  Figure  5-6(a)  and  (b).  As  shown  in  (a),  the  width  of  pulse  t is  equal  to 
the  time  Intervals  tj  plus  tg  minus  1^.  Measurement  of  tg  is  done  by  counting  the  output 
pulses  of  a crystal -controlled  clock.  Time  periods  t^  and  t^,  which  are  smaller  than  a 
period  of  the  clock,  are  expanded  by  a factor  of  ten  by  the  mechanism  illustrated  in  (b) . 
When  used  to  expand  t^,  flip-flop  A is  set  by  the  leading  edge  of  the  input  pulse  and  re- 
set by  the  leading  edge  of  the  next  clock  pulse.  However,  when  a similar  circuit  is 
employed  to  e^and  tg,  the  trailing  edge  of  the  signal  pulse  sets  the  flip-flop  which,  in 
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(b) 


Figure  5-6. 
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turn,  is  reset  by  the  leading  edge  of  the  following  clock  pulse.  During  the  time  flip- 
flop  A is  high,  a constant  current  (I^)  charges  capacitor  C.  When  the  flip-flop  goes  low, 
this  capacitor  is  discharged  with  a second  constant  current  which  is  ten  times  smaller 
than  Thus,  the  time  taken  to  discharge  C to  its  initial  state  will  be  ten  times  longer 
than  the  charging  time.  The  expanded  time  (lOt)  is  measured  by  counting  the  number  of 
clock  pulses  occurring  during  the  discharge  time  Interval.  The  vernier  counts,  appro- 
priately weighted,  are  combined  to  evaluate  the  pulse  width.  Separate  verniers  would 
be  employed  to  resolve  the  pulse's  leading  and  trailing  edges  in  a pulse  width  detector 
configuration. 

A block  diagram  of  the  phase  measurement  unit  is  shown  in  Figure  5-7 . The  sampling 
gate  passes  a segment  of  the  bearing  receiver  signals  to  the  D flip-flop  which  generates 
a set  of  two  or  three  t pulses  for  each  bearing  receiver  segment.  The  flip-flop  is  set 
and  reset  by  the  positive-going  axis  transitions  of  the  H = 0 and  H = 1 (or  H = 4)  waves, 
respectively.  In  this  way,  the  pulse  width  (t)  is  indicative  of  the  phase  displacement 
between  the  dual  bearing  signals.  As  discussed  above,  the  pulse  widths  are  evaluated 
in  the  pulse  width  detector.  The  serial  outputs  of  the  detector,  appropriately  weighted, 
are  added  in  the  decade  counter.  Simultaneously,  the  number  of  t pulses  generated 
during  the  bearing  signal  segment  (W^)  are  counted.  At  the  end  of  the  sampling  period, 
the  total  phase  count  (S^)  and  number  of  t pulses  (W^)  are  sent  to  a buffer  register  for 
subsequent  data  processing.  All  counters  are  reset  after  the  transfer  to  enable  the  unit 
to  process  the  next  bearing  sample. 

Pulse  width  can  be  resolved  to  1.0  ns  with  a 100  MHz  clock  and  a vernier  magnification 
factor  of  ten.  Therefore,  at  signal  frequencies  of  3. 5 MHz,  phase  angle  can  be  resolved 
to  a resolution  of  1.26°.  Also,  it  has  been  shown  that  the  mean  of  a number  of  noisy 
quantized  measurements  possesses  higher  resolution  than  the  quantizing  Increment.  As 
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62  phase  angle  measurements  of  noisy  signals  would  be  averaged  In  the  evaluation  of 
It  Is  Indicated  that  the  quantization  error  contribution  Is  0.16®  one  sigma.  As  0^ 
has  an  angle  conversion  factor  of  four,  bearing  measurements  will  have  a resolution 
of  0.04*  one  sigma. 

5.4  DATA  PROCESSING  CONFIGURATION 

Bearing  values  from  the  phase  measurement  unit  are  processed  together  with  target 
and  aircraft  data  to  evaluate  target  miss  distance  and  true  bearing.  The  evaluation 
is  accomplished  by  a data-sorter,  a mini-computer  and  a hard-wired  round-time- 

computer. 


The  bearing  information  received  from  the  phase  measurement  unit  Is  first  sent  to  a 
buffer  register.  Each  word  contains  the  total  phase  count  (S^)  and  number  of  t pulses 
(W^)  contained  within  a sampling  gate.  The  phase  angle  (0)  delineated  by  each  word  is 
computed  from  the  equation: 


with 


W,fcT 


radians 


10®,  and  T 


1 

3.5  MHz 


0 = .02199  radians 

Each  word,  in  turn,  is  shifted  from  the  buffer  register  and  its  data  is  used  to  compute 
the  corresponding  phase  angle.  These  values  are  sorted  into  0^  and  0^  storage  registers 
assigned  to  each  target.  The  sorting  is  accomplished  by  two  one-line  to  32-line  multi- 
plexers. In  this  way,  the  62  samples  of  all  0^  data  for  each  target  are  stored  in  32 
separate  62  word  storage  registers.  Similarly,  the  ten  samples  obtained  in  the 
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collection  of  0^  phase  values  for  each  target  are  stored  in  32  separate  ten  word  storage 


registers, 

A data  smoothing  computer,  under  command  of  the  control  unit,  sequentially  requests, 
through  the  32-line  to  1-line  demultiplexer,  0^  and  0^  phase  information  on  each  target. 
This  data  is  first  processed  in  accordance  with  the  "Algorithm  for  Phase  Measurement 
Data  Processing"  referenced  in  the  System  Specification  to  obtain  average  0^  and  0^ 

phase  values.  These  values  are  obtained  by:  (1)  conditioning  the  measurements  to  cir- 
cumvent the  discontinuity  that  occurs  at  360“/0“,  (2)  rejecting  wild  data  caused  by  re- 
sidual fruit  and  noise,  and  (3)  averaging  the  resultant  phase  values. 

The  0iavg  and  ^4avg  values  for  each  target  are  then  combined  to  obtain  a non- 

ambiguous  target  bearing  angle  (jS^  avg).  In  this  process,  0iavg  utilized  to  resolve 
the  quadrant  of  the  bearing  angle,  whUe  the  more  accurate  0^yg  reading  determines 
its  actual  value.  The  result  is  stored  in  a memory  register  for  the  particular  target. 


Enou^  registers  are  provided  to  store  the  relative  bearing  readings  for  all  targets. 

The  aircraft's  attitude  parameters  must  also  be  stored  for  eventual  compensation  of 
each  of  these  bearing  readings.  Only  one  set  of  attitude  data  registers  will  be  needed 
per  altitude  zone  Instead  of  one  set  per  target . 

For  miss  distance  determination,  two  sets  of  the  above  data  must  be  taken  on  successive 
rounds  and  stored  separately.  However,  when  the  round  time  is  less  than  four  seconds, 
as  is  possible  in  light  or  moderate  traffic,  the  resulting  time  base  will  not  be  sufficient 
to  provide  the  required  accuracy.  A roimd  time  computer  is  used  to  keep  track  of  the 
round  time  and  inhibit  the  loading  of  new  bearlr^  values  for  old  targets  for  at  least  four 
seconds . In  this  way  the  resulting  time  base  will  be  between  four  and  eight  seconds , The 
memory  furnishes  both  sets  of  data  and  the  length  of  the  time  base  to  the  miss  distance 

computer. 


i 
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The  miss  distance  computer  performs  the  algorithm  that  computes  miss  distance  and 
relative  horizontal  bearing  for  each  target.  These  are  outputted  to  registers  for  each 
target.  With  additional  logic  they  may  be  used  for  false  alarm  reduction,  horizontal 
maneuver,  or  display  purposes . 

Bearing  data  collection  is  completed  and  stored  at  the  end  of  each  track  cycle.  This 
data  is  then  processed  during  the  425  ms  of  the  next  cycle.  Detailed  study  of  the  number 
and  cycle  time  for  all  operations  is  beyond  the  scope  of  this  program  but  a prellminar> 
time  allocation  schedule  indicates  that  the  processing  can  be  accomplished  within  the 
425  ms  available. 

5.5  PWI  BEARING  RECEIVER  AND  INFORMATION  PROCESSING  CONnGURATION 

The  Proximity  Warning  Inductor  (PWI)  is  Intended  for  general  aviation  and  provides  in- 
truder warning  protection  at  low  cost.  It  will  alert  the  pilot  when  a threat  has  penetrated 
a range  "shield"  selected  by  the  pilot.  The  bearing  subsystem  will  provide  the  pilot  with 
the  relative  bearing  of  the  intruder  as  an  aid  to  visual  acquisition.  Threat  assessment 
and  avoidance  maneuver  procedures  are  left  to  the  discretion  of  the  pilot. 

Prime  requisites  of  the  PWI  are  low  cost,  small  size,  and  low  weight  to  enhance  its 
suitability  and  acceptability  for  small  aircraft.  To  achieve  this,  bearing  requirements 
for  the  PWI  system  are  minimized  to  achieve  simplicity  in  the  equipment . Thus , a 
hearing  accuracy  of +15®,  and  a maximum  capacity  of  eight  simultaneous  targets,  have 
been  adopted  for  the  PWI  bearing  system . 

A functional  block  diagram  of  the  PWI  relative  bearing  measurement  system  is  shown 
in  Figure  5-8.  The  antenna  configuration  consists  of  only  zero  and  single  mode  (H  = 0, 

H = 1)  ring  arrays,  as  the  hl^er  accuracy  obtained  through  the  incorporation  of  a H = 4 
antenna  is  not  required  in  this  system.  All  data  processing  is  accomplished  with  hard- 
wired logic  and  a mini-computer  or  micro-processor  will  not  be  needed. 


A 
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The  receiver  Is  the  same  as  the  configuration  shown  in  Hgure  5-3  and  described  in 
Section  5-2  with  a few  exertions.  Due  to  the  lower  PWI  bearing  accuracy  require- 
ments, the  automatic  phase  adjustment  servo  would  not  be  incorporated.  To  minimize 
fabrication  costs,  only  the  receiver  preamplifier  stages  would  be  located  at  the  antenna 
site.  Also,  the  H = 4 channel  would  not  be  provided.  The  receiver,  under  direction  of 
the  control  imit,  provides  dual,  gated  signals  to  the  phase  measurement  unit;  replies 
for  the  correlator  and  tracker;  and  probes  for  the  reply  generation  units  of  the  PWI 
system.  The  latter  functions  are  similar  to  those  in  VECAS,  however,  the  tracker 
is  much  simplified  as  It  provides  only  a range  gate  for  fruit  rejection,  without  a servoed 
range  rate  measuring  c^abllity. 

The  phase  measurement  unit  (PMU)  is  similar  to  the  PMU  described  in  Section  5,3  and 
shown  in  Figure  5-7,  However,  the  pulse  width  detector  venier  would  be  eliminated  as 
the  increased  resolution  it  provides  is  not  required  in  the  PWI  system , Also,  the  width 
of  the  phase  measurement  sampling  gate  would  be  reduced  from  0,65  ^is  to  0,5  ps  to  in- 
sure that  a set  of  only  two  t pulses  is  always  generated  in  each  bearing  signal  measure- 
ment sample.  This  decreases  system  complexity  by  eliminating  the  need  to  count  the 
number  of  t pulses  in  the  sampling  gate  and  simplifies  the  evaluation  of  the  phase  angle 
(0),  Thus,  as  the  number  of  t pulses  (W)  within  a sampling  gate  will  always  be  two, 
the  phase  angle  (0),  can  be  found  by: 


0 = ,011  radians 

where  is  the  total  phase  count.  Therefore,  only  a scale  factor  is  required  to  convert 
phase  coimt  to  phase  angle , 

This  digital  PMU  has  measurement  discontinuities  (360“  to  0“)  at  target  bearing  angles 
of  360“ /O* , These  discontinuities  can  introduce  bearing  errors  when  measurements  are 
averaged.  The  logic  shown  In  Figure  5-9  would  condition  the  measurement  to  circumvent 


this  discontinuity  error.  In  operation,  the  first  bearing  reading  ^ probe  se- 

quence is  stored  in  Storage  Register  A,  All  subsequent  measurements  (0)  in  the  sequence 
are,  in  turn,  subtracted  from  0jgf.  If  0^^^  - 0 exceeds  180“,  a discontinuity  has  been 
crossed.  The  sign  ( + ) of  the  difference  is  Indicative  of  the  direction  of  the  crossing  (i.e. , 
359*-*  0“  or  0“-*  359*)..  In  the  logic  shown  in  Figure  5-9,  if  the  difference  of  0j.gf  - 0 
exceeds  180*  and  the  sign  fs  negative,  360“  is  subtracted  from  0 before  this  value  is 
sent  to  the  averaging  acciunulator . Similarly,  if  the  difference  exceeds  180*  and  the 
sign  is  positive,  360“  is  added  to  0 before  averaging.  As  shown,  0 would  be  gated 
directly  to  the  averager  when  0].ef  - 0 is  less  than  180“  as,  in  this  case,  no  discontinuity 
has  been  incurred. 

Target  bearing  data  will  be  obtained  for  up  to  eight  targets  during  ten  probes  of  the 
short  track  cycle  used  by  the  PWI.  As  shown  in  Figure  5-8,  the  phase  angle  output 
of  the  PMU  is  sorted  into  channels  assigned  to  each  of  the  eight  targets  by  a one-line 
to  8-line  multiplexer.  The  ten  collated  phase  data  samples  for  each  target  are  con- 
ditioned to  circumvent  the  discontinuity  that  occurs  at  360“/0“  and  averaged  to  obtain 
the  relative  bearing  value,  jS’^avg-  relative  bearing  of  each  Intruder  is  extracted 
from  these  values  by  the  demultiplexer  and  is  sent  to  display  panel  registers  to  aid  the 
pilot  in  the  visual  acquisition  of  threats.  These  bearing  values  are  iqjdated  on  each 
correlation  cycle . 
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APPENDIX  A 


WORK  STATEMENT 


TASK  1 - ANALYSIS  OF  BEARING  MEASUREMENT  REQUIREMENTS 

The  purpose  of  this  task  Is  to  define  the  accuracy  requirement  for  the  measurement  of 
bearing  and  bearing  rate  in  airborne  anti-collision  systems.  The  interest  in  making 
these  measurements  stems  from  RCA's  advocation  of  a horizontal  maneuvering  capa- 
bility for  a full  CAS  system . However,  these  measurements  can  also  be  utilized  for 
two  other  significant  functions: 

a.  Indicate  to  the  pilot  the  approximate  direction  of  the  threat  which  will  facilitate 
his  visual  acquisition  of  the  target  (PWI)  and  his  execution  of  the  maneuver 
decision  (CAS). 

b.  Eliminate  alarms  caused  by  the  TAU  criterion  when  the  projected  miss  distance 
is  sufficient.  (The  TAU  criterion  cannot  distinguish  between  these  and  true 
threats  and  therefore  often  alarms  unnecessarily.) 

The  requirements  for  bearing  measurement  accuracy  for  horizontal  maneuvering  are 
being  defined  in  the  Horizontal  Maneuver  Study  presently  being  performed  by  SCI,  Inc . , 
and  therefore  will  be  utilized  in  this  program.  The  requirements  for  Function  (a)  will 
be  defined  and  based  upon  operational  and  human  factor  requirements . The  accuracy 
requirements  of  Function  (b)  will  be  determined  after  an  analysis  of  the  expected  false 
alarm  rate  is  determined  from  the  new  dynamic  FAA  1982  LAX  Traffic  Model. 
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Task  1 will  consist  of  the  following  subtasks: 

1 1 Analysis  of  the  warning  locus  for  the  TAU  criteria  and  the  determination  of  the 
portions  where  a warning  based  solely  on  TAU  is  unnecessary . 

1.2  Definition  of  a family  of  warning  loci  for  various  combinations  of  TAU  and  miss 
distance  criteria. 

1.3  Evaluation  of  the  above  loci  in  the  dynamic  FAA  1982  LAX  Traffic  Model  to 
determine  the  number  of  unnecessary  warnings  each  would  cause.  Select  the 
optimal  criterion. 

1.4  Definition  of  the  accuracy  required  in  the  measurement  of  bearing  and  bearing 
rate  in  the  implementation  of  the  optimal  criterion. 

TASK  2 - BEARING  MEASUREMENT  CONFIGURATION  ANALYSIS 

This  task  will  provide  comparative  analysis  of  several  possible  approaches  for  the 
implementation  of  bearing  and  bearing  rate  measurement.  It  will  consider  3,  4,  and 
5 element  antennas  and  define  their  configuration  and  associated  block  diagrams  for 
signal  processing  and  data  processing.  The  configurations  will  consider  potential 
effects  of  loss  of  signals  and  multipath  in  order  to  minimize  degradation  of  accuracy. 

Task  2 will  consist  of  the  following  subtasks: 

2.1  Definition  of  antenna  configurations. 

2.2  Definition  of  signal  processing  approach  for  each  configuration. 

2 . 3 Definition  of  data  processing  approach  for  each  configuration. 

2.4  Determination  of  expected  accuracy  in  the  measurement  of  bearing  and  bearing 
rate  for  each  configuration. 
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TASK  3 - HARDWARE  CHARACTERISTICS  FOR  BEARING  MEASUREMENT 


Hardware  characteristics  have  a controlling  influence  on  the  choice  of  system  used  to 

obtain  bearing.  This  task  will  determine  several  specific  performance  characteristics 

and  breadboard  the  antenna  configuration  chosen. 

Task  3 will  consist  of  the  following  subtasks: 

3. 1 Determine  hardware  characteristics  of  possible  antenna  configurations  for  use 
with  the  SECANT  system.  A laboratorj'  model  of  one  of  these  configurations 
will  be  breadboarded  and  bench  tested . 

3.2  Determine  characteristics  and  perfoianance  specifications  of  the  receiver  re- 
quired with  the  above  antenna. 

3.3  Determine  instrumentation  techniques  for  processing  the  bearing  signals. 

3.4  Determine  the  circuit  requirements  for  handling  the  bearing  data. 

TASK  4 - FINAL  REPORT 

A final  report  will  be  prepared  including  the  results  of  each  study  task  performed  on 

this  program. 
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APPENDIX  B 


PROBABILITY  ANALYSIS 

The  purpose  of  this  appendix  Is  to  derive  an  expression  for  single  conflict  missed 
alarm  probability,  as  function  of  critical  miss  and  of  computed  miss  error  sigma. 
This  is  used  to  provide  a quantitative  (parameterized)  assessment,  presented  in 
Section  2.3,2. 

If  both  range  and  swept  bearing  errors  are  assumed  to  have  Gaussian  distributions, 
then  the  error  in  computed  miss  must  also  be  Gaussian  as  It  is  a linear  function  of 
those  errors. 

In  Figure  B-1,  let  M denote  the  computed  value  of  miss,  subscript  t denote  true 
value,  and  subscript  T denote  threshold  value.  An  alarm  is  indicated  if  -M'p<M 
<M-p.  The  probability  of  this  occurrence  Is: 


= l/2  [ erf  Xj  + erf  X^] 


where  Xj  = Zj//2,  X^  = Zg/^  and  erf  X stands  for  error  function.  The  single  conflict 
missed  alarm  probability  Is  simply 

P = 1 - P 
mas  ^ 


Note  that  erf  (-X)  = -erf  (X),  The  computer  program  for  evaluating  the  error  function 
utilizes  the  convergent  series  expansion: 
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ERROR  ANALYSIS 


It  is  the  purpose  of  this  appendix  to  present  the  equations  which  show  the  relationships 
of  computed  miss  to  errors  in  range  and  bearing  measurements , A quantitative  assess- 
ment is  made  of  miss  error,  sigma  cr  (6M),  as  a function  of  swept  bearing  error  sigma, 
ff(A/9).  The  results  are  then  used  to  relate  missed  alarm  probability  and  miss  threshold 
to  ff(A/3),  as  indicated  in  Figures  2-4  thru  2-7  of  Section  2,3.2, 

The  conflict  triangle  S-B^  is  depicted  in  Figure  C-1.  Vj.  is  taken  as  a constant 
vector,  so  that  the  displacement  B^B^  is  just  Vj.At.  The  sensitivities  of  computed  miss, 
M,  to  measured  quantities,  will  be  obtained.  Attitude  perturbations, or  attitude  error 
effects, are  not  considered.  The  analysis  is  confined  to  two-dimensional  geometry  (i.e. , 
to  the  horizontal  plane).  The  measured  quantities  are  the  ranges  and  bearing  angles  at 
times  tj^  and  tg. 

Vj,At  is  obtainable  from 
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Conflict  Triangle 


Crossed  Axis  Interferometer 


Simultaneous  differentiation  of  these  equations  leads  to  expressions  for  the  error 


sensitivities: 


— = (i--^)sinai 

^ At'  ^ 

iM  ^ 

aRg  '”21  ' YfAt 

9M  tci 

aftr  = '''r^ci  ( -1) 


(C-4) 


(C-5) 


(C-6) 


These  expressions  can  be  shown  to  be  functions  only  of  M,  V^.,  At,  and  tcj.  To  demon- 
strate, from  the  relations  given  in  Figure  C-1 , 

tan  = M/Vj-tg^  = f{M.  Vj.,  t^.^)  (C-7) 

tan  A^  = Vr  At  sin  ttiARi  - Vr  At  cos  tti)  = f(M,  Vr,  tgi,  At,  R^)  (C-8) 

R,  = Vj.t(;^/cos  tti  = f(M,  Vr,  tg^ ) (C-9) 

jf  = gR  is  the  range  bias  error,  and  6(A/3)  is  the  bias  error  in  swept  bearing. 


If  6Ri  = 6^2  = 6R  is  the  range  bias  er 
then  the  bias  error  in  predicted  miss  is 


TiTr  , 3M  , .p  - */ 

= fa%  ^ 3R,  ’ aA|3 


(C-10) 


Taking  aRi  = crRa  = crR  assuming  random  range  errors  to  be  uncorrelated  (based 
upon  autocorrelation  time  being  much  smaller  than  the  time  between  range  samples). 


0"(6M)  = to'  + 


(C-11) 


The  partlals  are  given  by  equations  C-4,  C-5,  and  C-6, 


C-3 


Typical  values  for  range  errors  are  given  as 


OR  = 15  feet 
6R  = +100  feet 


Substituting  numerical  values , 

6M  = Aj^  + 

a(6M)  = [Cm  + DMcr2^^‘’ji/2 

wherein  Am  and  C|^  are  dependent  on  the  values  of  range  error  statistical  parameters, 
and  kg  is  the  ratio  of  swept  bearing  bias  error  to  sigma  value. 

Statistical  errors  were  e\Tduated  for  a critical  miss  distance  = 1000  feet,  and  for 
a time~to-go  tg  corresponding  to  initial  penetration  of  either  the  Tau  2 or  Tau  1 cardioid. 
The  following  equations  can  be  written: 

Tau  2:  (ft)  = 10936.8  + 40  Vj.  (knots)  x 6076  cos 

3600 

Tau  1:  Rg  (ft)  = 1519  + 25  Vj.  (knots)  x 6076  cos  • 

3600 

For  specified  Vj.,  selecting  different  values  of  a^,  one  can  solve  the  preceding  R^, 
equations,  as  well  as  equatlons  C-7  and  C-9,  sequentially  for  R^,,  t^,  M^,;  interpolation 
then  provides  values  of  R^,  tg  at  the  specified  Me  = 1000  feet.  Results  are  shown 
in  Table  C-1.  Then  the  coefficients  Am,  Bm.  Cm,  Dm  were  evaluated  for  ctr  = 15  feet. 


C-4 


6R  = 100  feet,  and  At  = 5 seconds.  These  results  are  also  shown  In  Table  C-1. 

Equation  C-8  was  solved  for  A/3,  It  Is  seen  that  A/3  is  quite  small  under  the  stipulated 
condition  (penetration  of  cardioid  for  = lOOO  feet,  and  At  = 5 seconds). 

llgure  C-2  shows  (t(6M)  as  well  as  6M,  for  several  values  of  k^,  for  Vj.  = 315  knots 
and  Tj  cardioid.  ct(6M)  is  essentially  linear  with  respect  to  a(A/3),  for  given  V^.  and  t^. 
Figure  C-3  shows  the  ff  (6M)  variation  as  Vj.  is  Increased,  or  for  a change  In  t cardioid 
penetration.  In  general,  for  given  C7(A/3),  the  value  of  a(6M)  Increases  with  increased 
Vrtc;  that  is,  at  longer  range.  The  variation  of  a(ftM),  6M  with  miss,  say  between  0 and  1000 
feet,  for  fixed  k^  and  V^.,  is  not  significant,  and  is  not  shown.  Evidently,  miss  errors 
will  increase  substantially  If  At  is  decreased,  as  can  be  seen  from  the  expressions  for 

the  error  sensitivities . 

If  the  antenna  elements  used  to  measure  bearing  are  arranged  in  the  form  of  a crossed 
interferometer,  with  orthogonal  legs  (Figure  C-4),  then  the  bearing  angle  /3  in  the  wing- 
plane  (and  the  cross-plane  bearing  an^e  c)  can  be  obtained  from  phase  difference  measure- 
ments , Thus 


277  , 


COS  01  = COS  e sin  /S  = ^ ^ ^ 


(C-12) 
(C-13) 

where  X is  the  wave  length  of  the  incoming  signal,  and  D is  antenna  spacing.  Then 


2tr 

cos  02  = COC  COS  /3  = 034/(-j^)  D 


tan  /3  = 


COS  01 


_ 1112 


cos  03 


(C-14) 


cr(/3)  = a(«(lJ)/(-Y)  D cos  f 


(C-15) 
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If  and  ^ are  assumed  Independent,  then 

i/(A/3)  = \[2a(^) 

Thus,  a specification  on  a(A^)  provides  a specification  on  the  precision  requirement  of 
the  phase  difference  measurements. 

It  should  be  noted  that  for  the  ideal  ring  antenna  array,  the  instantaneous  o(j3)  is  directly 
proportional  to  the  sigma  of  the  measured  phase  difference,  and  is  Independent  of  elevation 
an^e. 


APPENDIX  D 


DETERMINATION  OF  THE  MAXIMUM  MISS  DISTANCE  (Mjyj/^) 

OF  THE  TAU  CRITERION 

It  is  the  purpose  of  this  appendix  to  provide  equations  for  the  determination  of 

on  the  T cardioid.  is  used  in  numerically  defining  the  false  alarm  probabilities 

presented  in  Section  2.3.2. 

The  range  alarm  threshold  is  given  by 

R-r  = Rq  + T (-R)  (D-l) 

where  R = Vj.  cos  a . With  R in  seconds,  R in  nautical  miles/seconds,  Rq  in  nautical 
miles,  parameter  values  are 

for  Tg  alert:  Rq  = 1,8,  T = 40 
for  Tj  alarm:  Rq  = .25,  T = 25 

(An  alarm  Is  given  if  measured  range  is  less  than  Rj  , using  present  R.)  With  an  air- 
craft stationed  at  the  origin  In  Figure  D-l,  a coordinate  system  L-M  can  be  defined  such 
that  the  ordinate  L axis  is  parallel  to  Vj.,  and  the  abscissa  M axis  is  perpendicular  to 
Then 

M = Rxsiua  (D-2) 

L = Rj  cos  a (D-3) 

Eliminating  “ between  equations  D-2  and  D-3 

M2  + = R-j-®  (D-4) 


D-l 


Eliminating  a between  equations  D-1  and  D-2 


= Kq  + V^TL/%.  (D-5) 

Eliminating  Rj  between  equations  D-4  and  D-5 

(MS  -t  L3)  - Ro>|m2  i L2  -Vj.  TL  = 0 (13-6) 

(The  locus  of  R-p,  represented  In  cartesian  coordinates  by  equations  D-6,  can  be  shown 
to  be  a cardiold.  Thus  rewriting  equation  D-l, 

TVr 

R-p  = Rq  [ 1 + cos  a ] 

TVr 

= Rq  [ 1 - cos  0 ] 

which  is  the  equation  of  a cardiold  in  polar  coordinates. ) 

To  find  the  maximum  width  of  the  cardiold,  we  differentiate  equation  D-6  with  respect 
to  L,  to  find  dM/dL  and  set  this  derivative  equal  to  zero.  The  condition  is  obtained 

+ L2  = Rq  L/2  (L  - V^)  (D-7) 

Making  use  of  equations  D-3,  D-4  to  eliminate  M and  L,  and  equation  D-l  to  eliminate 
R-p,  an  expression  is  obtained  in  a only: 

2 T Vj.  cosa  a + Rq  cos  a - T Vj.  = 0 (D-8) 

From  this,  the  value  of  a for  M^^ax  given  by 

“ ’Mmax  = < - ^ ^ (D-9) 


D-3 


with  Vj.  in  nautical  miles/seconds.  The  value  of  R,  at  which  occurs,  is 


+ 8 Vr2  TZ 

'“max  “ " * 


(D-IU) 


M,v>qv  is  most  conveniently  found  from  equation  D-2,  using  equation  D-9  to  find  of,  and 

lUcwv 

either  equation  D-5  or  D-lO  to  find  R-r.  M^ax  displayed  in  Figure  D-2.  Note  that 

the  condition  alvr  = 90°  occurs  as  a limit  as  V_  approaches  zero. 

™max 


D-4 


APPENDIX  E 


SIMULATION  EQUATIONS 


The  purpose  of  this  appendix  is  to  derive  kinematic  quantities  (horizontal  miss,  relative 
range)  and  to  quantitatively  assess  these  for  a sample  distribution  of  aircraft  in  the  1982 
LAX  traffic  model.  Frequency  histograms  were  developed  and  utilized  to  obtain  potential 
false  and  missed  alarm  probabilities  in  a traffic  environment  as  discussed  in  Section  2.3.3 

The  input  information  supplied  for  each  aircraft  in  the  traffic  model  are  position  data, 
relative  to  the  LAX  center,  and  vector  velocity.  These  are  given  as  ground  range  (Rq) 
from  center,  azimuth  or  bearing  (A)  measured  from  north,  altitude  (h)  above  sea-level; 
speed  (V),  heading  (H),  path  angle  y . Figure  E-1  depicts  these  quantities.  (Bank  angle 
is  also  siqjplied  as  an  input,  but  is  not  used  in  this  simulation.  Bank  angle,  B,  could  be 
used  to  obtain  aircraft  turn  rate,  since  on  = (g  tan  B)/y, ) The  objective  of  the  simulation 
Is  to  obtain  values  of  relative  raitge  and  horizontal  miss  for  the  three-dimensional  "picture 
i.e, , with  non-coaltitude  aircraft  and  with  some  of  the  aircraft  in  diving/cltmblng 
orientations . 

From  Figure  E-1, 


Xi  = (RqU  sin  Aj  'j 

Zi  = hi 

With  the  Rq  in  nautical  miles  and  hi  in  feet, 

Xj  = (Xi-Xs)x  6076 
Yi  = (Yi-Ys)x  6076  \ 

Zi  = (Zi  - Zg)  = hi  - hg 


(E-1) 


(E-2) 


E-1 


(E-3) 


1 


I 


I 


f 

i 

I 

f 

i 

1 

\ 


th 

and  the  slant  (relative)  range  between  aircraft  (S)  and  I aircraft  is  simply 

rj  = \/Xi2  + + Zf 

Again,  from  the  diagram, 

Xi  = sin  Hi  cos 


Yi  = Vj  cos  Hj  cos  ^ 
Zi  = Vj  sin  yi 


(E-4) 


With  Vj  in  knots. 


^i  ""  ^^i  **  ^s^  ^ 

Yi  = (Yi  Yg)  X 
Zi  - (Zi  •-  Zg)  X 

th 


6076 

3600 

6076 

3600 

6076 

3600 


/ 


(E-5) 


and  the  magnitude  of  the  velocity  of  the  i aircraft  relative  to  the  S aircraft  is 


Vri  = \/xi3  + Yi^  + Zi2 
In  feet/second.  Range  rate  is  given  by 


(E-6) 


ri  = V^i  . ri/ri  = (Xi  Xi  + Yi  Yi  + Zi  Zi)/ri 


(E-7) 


whence 


(E-8) 


E-3 


1 


The  aspect  angle  lietween  -rj  and  V j-i  Is  simply 


aj  = cos"^  (ri/Vri);  0 ^ ai  < 90° 


(E-9) 


The  path  angle  of  V^-j  ( see  Hgure  E-2 ) Is 


(E-11) 


= Sin-1  (Zi/Vri);  0 ^ I < 90°  (E-10) 

The  elevation  angle  of  the  line-of-sight  Is  given  by 

El  = sin"^  (Zi/rj);  0 ^ | Ej  ] <90°  (E-H) 

By  definition,  the  total  miss  (distance  at  closest  approach)  is 

M = sin 

where  ai  is  given  by  equation  E-9.  From  Figure  E-2,  it  is  readily  seen  that  the  evaluation 


of  M is 


Ej^.  = sin-1  I — (sin  E^  t cos  sin  rviH:  0 ] <90° 


(E-12) 


The  horizontal  and  vertical  components  of  miss  are  then  simply 

= Ml  cos  Emi 
Mvi  = Ml  sin  Ejyij 

At  the  time  of  the  "snapshot",  the  time  to  closest  approach  is 


(E-13) 


(E-14) 


tci  = riCosai/Vrj 


(E-15) 


and  may  be  used  in  assessing  an  alarm  condition  by  comparison  with  present  actual 
relative  range. 

In  performing  the  simulation,  various  rejection  constraints  were  applied  so  as  to  con- 
form to  a realistic  CAS  system  approach: 

1)  Reject  all  intruding  aircraft  for  which  the  altitude  difference  is  greater  than 
2500  feet  in  magnitude, 

2)  Of  the  remaining  aircraft,  reject  those  for  which  the  range  is  greater  than  a 
maximum  detection  value  of  50,000  feet, 

3)  Of  the  remaining  aircraft,  reject  all  those  having  a positive  range  rate,  since 
these  do  not  constitute  threats . 

Traffic  Model  Simulation  and  Cumulative  Frequency  Diagrams 

A static  simulation  of  kinematic  parameters  was  conducted  for  "snapshot  #3"  of  the  LAX 
1982  aircraft  distribution  model,  with  each  of  two  aircraft  selected  as  the  "protected" 
aircraft.  One  of  these  was  taken  in  the  southwest  quadrant  at  the  center  of  the  densest 
region;  the  other  aircraft  was  taken  in  the  northwest  quadrant,  at  the  center  of  the  Van 
Nuys  concentration.  Parameters  of  these  aircraft  are  listed  below: 


A/C  No, 

Ground  Range 
(n.  miles) 

Bearing 

(deg's) 

^Altitude 

(feet) 

Speed 

(knots) 

Heading 

(deg's) 

Pitch 

(deg's) 

49 

20.1 

137.04 

2888 

104.9 

314.3 

4 

710 

15.9 

333.77 

3997 

92.4 

125.5 

0 

E-5 


After  application  of  the  altitude  difference  constraint  (_t^2500  ft. ),  detection  range  con- 
straint (50,000  ft.)  and  the  closing  range  rate  constraint,  a total  of  41  potential  threats 
existed  for  A/C  f*49,  and  a total  of  23  potential  threats  existed  for  A/C  ((710. 

According  to  the  ANTC-117  threat  logic,  a Tau  2 alarm  would  be  given  if  present  (slant) 
range  is  less  than  the  alarm  range: 

Hj  (feet)  = 10936.8  - 40  R 

This  value  is  shown  for  AC  #710,  in  the  accompanying  printout  (Table  E-1).  AC  #328 
and  #703  have  slant  ranges  (S/R)  less  than  Rt'o  but  the  altitude  differences  (Ah  = My) 
relative  to  AC  #710  are  more  than  600  feet;  hence  these  are  not  present  threats.  Of 
more  consequence  is  a comparison  of  with  M^yjaxi  since  this  indicates  eventual 
penetration  of  the  Tau  2 cardlold.  Seven  aircraft  fall  in  this  category,  but  of  these, 
only  two  have  altitude  differences  less  than  600  feet.  I'\irthermore,  if  a horizontal 
miss  threshold  of,  say  3,  000  feet  is  applied,  only  one  (AC  #514)  remains  as  an  alarm 
for  the  combined  Tau/Mlss  hazard  criteria  system.  A similar  analysis  was  not  con- 
ducted for  AC  #49  as  protected  aircraft,  because  of  the  complexity  attendant  to  a non- 
zero pitch  angle . 

Figures  E-3  and  E-4  show  frequency  histograms  in  relative  range  for  the  two  aircraft. 
Figures  E-5  and  E-6  are  corresponding  histograms  in  horizontal  miss.  Averaging  the 
separate  cumulative  frequency  functions  for  the  two  aircraft  gives  the  results  shown  in 
Figures  E-3  and  E-5.  Almost  triangular  functions  lends  credence  to  an  assumption  of 
a uniform  spatial  distribution  of  aircraft. 
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APPENDIX  F 


PERFORMANCE  SPECIFICATION  FOR  A SECANT  BEARING  AND 

MISS-DISTANCE 

PROCESSING  SUBSYSTEM  OF  A FULL  CAS 


Issue:  2 Date:  6 February  1974 


1.0  SCOPE 

This  specification  covers  the  salient  performance  and  general  design  requirements  for 
a bearing  measurement  and  miss-distance  processing  subsystem  (hereafter  referred  to 
as  the  Bearing  Subsystem)  comprising  two  dual  channel  receivers,  bearing  signal  pro- 
cessor, bearing  data  processor,  and  miss  distance  data  processor.  The  Bearing  Sub- 
system is  generally  compatible  with  VECAS,  and  provides  digital  outputs  of  relative 
bearing  and  miss  distance  for  each  target. 

2.0  APPLICABLE  DOCUMENTS 

The  following  documents  form  a part  of  this  specification  to  the  extent  specified  herein. 

Military 

MIL-W-5088 
MIL-E-5400 
MlL-T-5422 
MIL-C-6781 
MIL-A-25708 

Standards 
MIL-STD-461 

MIL-STD-462 

MIL-STD-463 


F-1 


Wiring,  Aircraft,  Installation  of 

Electronic  Equipment,  Aircraft,  General  Specification  of 
Testing,  Environmental,  Aircraft  Electronic  Equipment 
Control  Panel,  Aircraft  Equipment 
Antenna  AT-741-A 

Electromagnetic  Interference  Characteristics,  Requirements 
of  Equipment 

Electromagnetic  Interference  Characteristics,  Measurement 
of 

Definition  and  System  of  Units,  Electromagnetic  Interference 
Technology 


9 


MIL-STD-704 
MIL-STD-794 
MS  25212 


Electric  Power,  Aircraft,  Characteristics  and  Utilization  of 

Parts  and  Equipment,  Procedures  for  Packaging  and  Packing 

Control  Panel,  Console  Type,  Aircraft  Equipment  Basic 
Dimensions 


Naval  Air  Systems  Command 


AR-10 


RCA  Corporation 


Maintainability  of  Avionics  Equipment  and  Systems,  General 
Requirements  for 


SECANT  Status  Report,  TP2118,  August  1973 


3.0  REQUIREMENTS 


3.1  General 


The  prime  design  objective  of  the  full  Bearing  Subsystem  shall  be  as  follows: 

a)  To  provide  the  capability  of  measuring  relative  bearing  and  miss  distance 
for  targets  within  the  Tau  2 maximiun  hazard  range  from  the  densest  region 
of  the  FAA/MITRE  1982  LA  Basin  Standard  Traffic  Model  (Snapshot  #3). 

b)  To  integrate  the  Bearing  Subsystem  with  the  VECAS  design  while  not  adversely 
affecting  the  performance  of  Its  vertical  escsqie  logic. 

c)  To  minimize  fabrication  costs  by  sharing,  where  possible,  signal  and  data 
processing  functions  between  the  vertical  escape  subsystem  and  the  Bearing 
Subsystem . 

3.2  Materials  and  Parts 

Components,  materials  and  parts  employed  In  the  Bearing  Subsystem  shall  satisfy  the 
same  requirements  as  for  the  VECAS  equipment. 


F-2 


3,3 


Design  and  Construction 


This  equ4)ment  shall  conform  with  design  and  construction  requirements  as  specified 
in  the  applicable  procurement  specification, 

3,4  Performance 

3.4.1  Power  Input 

The  Bearing  Subsystem  shall  operate  satisfactorily  and  meet  all  performance  requirements 
when  supplied  by  power  sources  having  similar  ratings  and  characteristics  as  those  em- 
ployed in  VECAS,  Where  practicable,  the  Bearing  Subsystem  and  the  associated  VECAS 
circuitry  shall  draw  power  from  common  supplies, 

3.4.2  Signal  Input 

3.4.2. 1 General 

The  Bearing  Subsystem  shall  operate  satisfactorily  and  meet  all  perfoimiance  requirements, 

with  RF  reply  signal  Inputs  having  the  same  structure  and  minimum  levels  at  the  receiver 

+ » + 

terminals  applicable  to  the  VECAS  design  except  for  such  changes  of  reply  (P  , P , Q , 

Q”)  carrier  frequencies  as  arise  from  this  specification. 

3. 4. 2. 2 Classification  and  Utilization  of  Input  Signals 

The  P^,  P~,  Q^,  Q”  reply  frequencies  for  a given  field  and  altitude  zone  are  categorized 
into  4 groups  W,  X,  Y,  and  Z as  shown  in  Table  F-1,  for  a total  of  16  types.  Each  of 
these  is  further  categorized  by  the  suffix  X into  3 additional  types  (for  a total  of  48) 
according  to  which  of  the  3 antenna  ports  provides  the  signal. 

Provision  shall  be  made  for  processing  the  RF  Inputs  from  the  three  (3)  ports  of  the  top 
ring  array  antenna,  and  from  the  three  (3)  ports  of  the  bottom  ring  array  antenna.  Each 
bearing  measurement  shall  be  performed  by  processing  a pair  of  signal  inputs  both  of 


tabll:  f-1.  generic  types 


SIGNAL 

INPUT 

TYPE 


GROUP  band'  ' FIELD  REPLY 

CATEGORY  LOW/HIGH  ABOVE/BELOW  TYPE 


which  result  from  the  same  target  pulse.  One  input  of  the  pair  shall  originate  from  the  ! 

H = 0 mode  antenna  port,  thus  deriving  from  an  input  signal  type  with  suffix  letter  (a).  i 

The  other  Input  shall  originate  from  either  the  H = 1 mode  antenna  port  or  the  H = 4 
antenna  port,  thus  deriving  from  an  input  signal  type  with  suffix  letter  (b)  or  (c),  respectively. 

3.4.3  Data  Input 

The  Bearing  Subsystem  shall  operate  satisfactorily  and  meet  all  performance  require- 
ments when  supplied  with: 

a)  Target  range  and  altitude  difference  data  supplied  in  digital  format  at 
available  resolutions  by  the  SECANT  CAS  subsystem  acquiring  these 
data. 

b)  Roll,  pitch,  and  yaw  data  from  external  sensors  and  digital  format  with 
compatible  resolution  and  digital  forma. 

3.4.4  Operational  Characteristics 
3.4.4. 1 General 

The  Bearing  Subsystem  shall  meet  or  have  operational  performance  requirements  as 
specified  below.  Figure  F-1  is  Included  to  facilitate  comprehension  of  nomenclature, 
and  of  the  overall  system  concept  upon  which  this  specification  rests . Component 
blocks  of  the  Bearing  Subsystem  are  shown  In  full  line  and  connote  system  integration 
philosophy  rather  than  implementation  guidance.  Thus,  for  example,  the  designer  may 
elect  to  adopt  three  IF's  rather  than  two  as  indicated  In  Figure  F-1.  Note  that  no  ref- 
erence Is  made  to  the  probe  receive  channels  which  do  not  constitute  part  of  the  Bearing 
Subsystem.  Also,  representation  of  reply  channels  associated  with  double  probing  pro- 
visions are  omitted. 

Each  channel  of  the  Dual  Receive  Channels  shall  possess  transfer  characteristics  similar 
to  those  of  the  experimental  VECAS  equipment  Insofar  as  they  conform  with  system  phase 
stability  requirements. 


F-5 


w 


FIG.  F-1.  BASIC  CONCEPTUAL  SCHEME  FOR  BEARING  SUBSYSTEM 


3. 4, 4. 2 Subsystem  Signal  Frequencies 


3. 4. 4. 2.1  Carrier  Frequencies 

The  spread  of  frequency  of  the  RF  iiqjut  reply  signals  in  each  of  the  subgroups  W,  X, 

Y,  and  Z shall  not  be  less  than  20  MHz,  and  the  difference  between  adjacent  frequencies 
within  any  subgroup  shall  not  be  less  than  5 MHz , 

3. 4. 4. 2. 2 Receiver  Intermediate  Frequencies 

Each  RF  subgroup  W,  X,  Y,  and  Z shall  generate  the  same  frequency  or  set  of  frequencies 
from  the  final  IF  stage.  The  final  IF  stage  mid-band  frequency  or  frequencies  shall  not  be 
less  than  3 MHz,  while  the  remaining  frequencies  of  a set  (if  employed)  shall  be  such  that: 

^ax  ^ 3 ^min  ’ 


where 


fmax  “ maximum  frequency  of  the  set 
‘min  ~ minimum  frequency  of  the  set 

Frequencies  of  earlier  intermediate  stages  and  of  associated  local  oscillators  shall  be 
selected  to  minimize  their  variety,  and  to  be  consistent  with  the  foregoing  specifications 
of  carrier  and  final  IF  frequency  or  frequencies. 

3. 4. 4. 3 Antemia  Loading 

The  load  impedances  presented  to  the  active  Individual  antenna  ports  by  the  receiver  Inputs, 
including  any  associated  switches,  T/R  circulators,  interconnection  cables,  etc. , shall  be 
50  ohm,  nominal,  with  VSWR's  not  exceeding  1.5.  However,  the  idle  H = 1 or  H = 4 port 
shall  be  either  terminated  or  open  circuited  at  the  option  of  the  designer. 


3. 4. 4, 4 Channel  Interference  and  Noise  Effects 


i 

[ 

: 3 . 4 . 4 . 4 . 1 Inter-channel  Crosstalk 

The  crosstalk  between  the  H = 0 channel  and  H = 1,  4 channel  of  the  dual  receivers, 
serving  the  upper  and  lower  fields,  shall  not  exceed  -40  db  when  measured  at  the  In- 
puts to  the  range  gated  Phase  Measurement  wdt  with  regard  to  each  of  the  16  (sixteen) 
carrier  frequencies . 

3. 4. 4. 4. 2 Transmitter  Leakage 

Prior  to  initiation  of  the  phase  measurement  process  associated  with  the  acquisition  of 
fresh  bearing  data,  peak  amplitudes  of  transients  induced  in  the  receiver  channels  by 
leakage  from  the  transmitter  shall  have  subsided  to  less  than  6 db  below  the  receiver 
noise  level. 

3. 4. 4. 4. 3 Thermal  Noise  and  Spurious  Responses 

The  minimum  signal-to-nolse  ratio  occurring  at  the  inputs  to  the  Range  Gated  Phase 
Measurement  unit  shall  not  be  less  than  12  db  when  the  Bearing  Subsystem  is  receiving 

replies  from  targets  at  ranges  of  15  nm.  or  less, 

i 

3, 4. 4. 5 Interchannel  Phase  and  Delay  Balance 
3.4.4, 5.1  Phase  Balance 

The  magnitude  of  the  difference  in  steady-state  phase  shifts  occurring  in  the  two  paths 
commencing  at  the  inputs  of  the  Dual  Receive  Channels  and  ending  at  the  inputs  of  the 
Range  gated  Phase  Measurement  unit  shall  not  exceed  2 degrees , This  specification 
shall  apply  to  the  high  band  Dual  Receive  Channels  for  ity>ut  signals  at  the  8 (eight) 
reply  requencies  in  subgroup  categories  W and  X of  Table  1,  and  at  any  level  between 
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-90  dbm  and  -60  dbm;  and  to  the  low  band  Dual  lleceive  Channels  for  input  signals  at 
the  3 (eight)  reply  frequencies  in  subgroup  categories  Y and  Z of  Table  1,  and  at  any 
level  between  -84  dbm  and  -60  dbm. 

In  order  that  this  specification  shall  be  adhered  to  throughout  the  normal  operating 
life  of  the  Bearing  Subsy  stem,  consideration  shall  be  given  to  minimizing  the  effects 
of  long-term  phase  drifts  by: 

a)  Locating  RF  stages  and  first  IF  mixers  of  the  dual-channel  receivers  in 
close  proximity  to  the  antenna  array  in  order  to  reduce  or  eliminate 
cable  nms  at  the  L-band  frequencies,  and/or: 

b)  Providing  automatic  means  for  periodic  application  of  built-in  test  of 
phase  balance  and  for  its  restoration  when  required.  (An  alternative 
technique  is  to  transpose  the  two  channels  of  a dual-channel  receiver  at 
the  mid  Interval  of  the  62-pulse  sequence  used  with  the  H = 4 ring  array 
antenna,  and  determine  the  mean  of  the  phase  measurements  thus  obtained). 

3 . 4 . 4 . 5 . 2 Delay  Balance 

The  delay  differential  between  the  Dual  Receive  Channels  for  those  portions  of  the  chan- 
nels subject  to  carrier  frequency  (RF  or  IF)  changes  resulting  from  reception  of  different 
reply  frequencies  shall  not  exceed  2.3  nanoseconds. 

3. 4. 4. 6 Wideband  Reply  Filter(s) 

3. 4. 4. 6.1  Bandwidth  and  Selectivity 

'Fhe  bandwidth  of  the  Wideband  Reply  Fllter(s)  shall  be  6 MHz  0.5  MHz  between  the  -3  db 
points  on  the  skirts,  and  not  greater  than  10  MHz  between  the  -20  db  points. 


3. 4. 4. 6. 2 Phase  I'raiistent  Conditions 

The  magnitude  of  the  departure  of  the  phase  from  its  steady-state  value  occurring  at  the 
filters'  output  terminals  shall  not  exceed  2 degrees  at  any  time  0.2  microseconds  or  more 
later  than  the  Instant  Iq  at  which  the  leadhig  edge  of  the  pulse  envelope  at  the  filter  output 
terminals  reaches  its  maximum  slope. 

3.4.4. 7 Intra-Pulse  Width  Gating  Unit 

3.4.4. 7.1  Operation 

The  Intra-Pulse  Width  Gating  Unit  shall  be  designed  to: 

a)  Apply  the  H = 0 mode  IF  signals,  and  H = 1 or  4 mode  IF  signals  to  the 
inputs  of  the  Range  Gated  Phase  Measurement  unit  at  time  t^^  + 0.25  + 

, 0.05  microseconds  (where  t^  is  the  time  of  the  leading  edge  of  the  track 

gate), 

b)  biterrupt  these  signals  at  time  t^  + AT  + 0.05  microseconds,  where  AT 

is  the  interval  between  the  instant  t^  and  the  Instant  at  which  a transient  | 

is  initiated  at  the  output  of  the  Wideband  Reply  Filters  due  to  the  lagging  j 

edge  of  the  pulse  envelope. 

3.4.4. 7.2  Switching  Noise 

Peak  levels  of  transients  generated  by  the  Intra-Pulse  Width  Gating  unit  shall  not  exceed 
the  threshold  level  established  for  the  crossover  sensing  circuit  of  the  Range  Gated  Phase 
Measurement  unit. 

3.4.4. 8 Range  Gated  Phase  Measurement  Unit 
3.4.4. 8.1  General 

Primary  consideration  shall  be  given  to  a design  for  a Range  Gated  Phase  Measurement 
Unit  (PMU)  which  operates  by  detecting  the  zero  crossovers  in  the  two  liput  channels  to 
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the  PMII  and  estimating  the  interval  (and  hence  phase  for  a given  frequency)  between 

the  crossovers  from  discrete  counts  of  a free  running  clock.  j 

j 

I 

3 . 4 . 4 . 8 . 2 Crossover  Detections  and  Associated  Phase  Sampling  i 

lleference  crossover  detections  shall  be  accomplished  at  the  Instant  of  positive-going 
or  negative-going  (but  not  both)  axis  transitions  of  the  H = 0 wave  received  from  the 
Inira-Pulse  Width  Gating  Unit.  Comparison  crossover  detections  shall  be  accomplished 
at  the  instant  of  the  positive-going  or  negative-going  (whichever  sign  is  employed  for 
corresponding  reference  crossover  detections)  axis  transitions  of  the  H = 1 wave  or 
H = 4 wave.  Phase  displacements  between  the  H = 0 wave  and  H = 1 wave  (or  the  H = 4 
wave)  shall  be  measured  by  counting  clock  pulses  generated  in  the  interval  between  a pair 
of  crossovers,  one  of  the  pair  being  the  reference  crossover  and  the  other  being  the  first 
comparison  crossover  encountered  after  the  reference  crossover.  At  least  one  pair  of 
crossovers  shall  be  detected  during  the  reception  of  a carrier  pulse  by  the  PMU. 

3.4.4. 8.3  Crossover  Thresholds 

The  trigger  levels  between  which  the  zero  crossovers  are  detected  shall  be  set  at  +0.5  Vp, 
where  Vp  is  the  nominal  pulse  amplitude  of  signals  presented  to  the  PMU  when  the  Bearing 
Subsystem  is  receiving  replies  at  a minimum  level  of  -90  dbm. 

3.4.4. 8.4  Gating  Provisions 

The  PMU  shall  be  primed  at  an  anticipatory  time  of  0.3  + 0. 1 microseconds  prior  to  the 
leading  edge  mid  points  of  desired  pulses  received  from  the  Intra-Pulse  Width  Gating  Unit, 
and  shall  be  deactivated  at  the  end  of  an  elapsed  Interval  of  1.6  + 0.1  microseconds.  The 
PMU  shall  not  output  any  spuriour  responses  caused  by  the  deactivation  process.  Desired 
pulses  shall  be  recognized  by  the  simultaneous  appearance  of  pulses  within  the  range  gates 
of  the  SECANT  tracker  unit,  and  the  trigger  signal  required  to  prime  the  PMU  shall  be 
derived  from  this  unit.  The  PMU  shall  be  inhibited  when  conditions  are  such  as  to  cause 
a bit  erasure  in  the  CAS  message  processing  circuits. 
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3,4.4. 8. 5 Clock  Ilate  and  Counter  Capacity 

The  clock  rate  to  be  employed  by  the  PMU  shall  be  fixed  at  a value  given  by: 


(MHz) 


If  two  or  more  frequencies  are  generated  in  the  final  IF  stage  (Section  3. 4. 4. 2. 2), 


where  T = mean  period  of  the  set  of  final  IP'  frequencies  expressed  in  microseconds. 


Other\vlse, 


fc  ^ 


28.5 


(MHz) 


where  T = period  of  single  mid  band  frequency  of  the  final  IF  stage. 


The  counter  employed  to  determine  the  number  of  clock  pulses  occurring  between  start- 
stop  pairs  of  crossovers,  and  accumulated  during  a carrier  pulse  shall  have  a capacity 
of  C^ax  counts  given  by 

Cmax  ^ ^ 

when  two  or  more  IP''s  are  generated,  or  Cjj^qx  ^ ^3  fp  for  a single  IF  ( = fp’). 

3. 4, 4. 9 Relative  Bearing  Data  Processor 


3. 4. 4, 9,1  Phase  Count  Accumulation 

Register  or  computer  memory  locations  shall  be  provided  for  temporary  storage  of  the 
clock  count  words  inputted  by  the  Range  Gated  Phase  Measurement  Unit.  These  words 
shall  pertain  to  a particular  target  be  ring  and  shall  arise  from  crossover  pairs  formed 
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with  respect  to  at  least  10  pulses  contained  in  one  ranging  sequence  of  the  VECAS  tracking 
cycle.  These  pulses  shall  be  derived  from  signals  received  via  the  H = 1 antenna. 

.A.  second  temporary  memory  bank  shall  be  provided  to  individually  store  a sample  of  clock 
count  words  inputted  In  respect  to  the  same  target  and  to  crossover  pairs  formed  with 
to  the  full  quantity  (^62)  of  pulses  contained  in  the  other  ranging  sequence  of  the  VECAS 
tracking  cycle.  These  pulses  shall  be  derived  from  signals  received  via  the  H = 4 antenna. 


The  phase  difference  determined  by  means  of  the  11  = 1 antemia  shall  be  computed  from: 


(j)  _ ^ 


radians 


where 


W. 


(j)  _ 


(j)  _ 


(j)  _ 


Phase  difference  measurement  from  the  jth  pulse  in  one  ranging 
sequence  of  the  tracking  cycle  (rads) 

Total  clock  coimt  between  crossover  pairs  from  the  jth  pid.se  of 
the  said  ranging  sequence 

Number  of  words  used  to  produce  the  (one  word  per  each 
crossover  pair  detected). 


f^  and  T(=  T or  T)  are  defined  in  paragr^h  3.4.4. 8.  5.  ^ shall  be  encoded  as  a word 
of  not  less  than  7 bits  covering  the  range  from  0 to  2^  radians. 

Each  per  pulse  phase  difference  , obtained  by  means  of  the  H = 4 antenna,  shall  be 
encoded  as  a word  of  not  less  than  9 bits  covering  the  range  0 to  2tr  radians  after  being 
computed  from: 


2TrS^ 

(j)  _ 


(j) 
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where 


_ Phase  difference  measurement  from  the  jth  pulse  in  the  other  ranging 
sequence  of  the  tracking  cycle  (rads. ). 

y^(j)  _ pQtal  clock  count  obtained  between  crossover  pairs  from  the  jth  pulse. 

= Number  of  words  used  to  produce  (one  word  per  each  crossover 
pair  detected). 

•Ml  the  and  measurements  acquired  during  the  two  ranging  sequences  of  the 
VECAS  track  cycle  shall  fc)e  subjected  to  0°/360"  (0/277  radian)  discontinuity  correction 
when  needed,  "wild"  data  (outlier)  rejection,  and  data  smoothing  by  a computer  subroutine 
conforming  to  the  algorithm  given  in  Supplement  A of  this  specification . 

The  smoothed  differenced  and  so  computed  shall  then  be  outputted  in  digital  words  of 
not  less  than  12  bits  and  utilized  in  computing  an  unambiguous  estimate  of  the  relative 
bearing  observation  ^ from  the  following  expressions: 

^•^771(^77  ^ 

[4  +4)modulo  277| 

)3o  = modulo  277,  if  | - ^ | > | | 

^0  = ^ modulo  277,  if  I 1 < I I 

^ shall  be  outputted  from  the  Relative  Bearing  Data  Processor  as  a 12  bit  word  in  radians 
over  the  full  azimuth  range. 
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3. 4. 4. 9. 3 Control  aiid  Timing  Provisions 

The  CAS  Data  Procesor  shall  provide  the  Relative  Bearing  Data  Processor  with  control 
signals  which  shall  steer  clock  count  words  to  memorj'  locations  preassigned  to  targets 
whose  bearings  are  being  determined,  and  to  cause  proper  sequencing  of  arithmetic 
operations  for  bearing  computations. 

The  estimation  tinie  of  computed  as  in  paragraoh  3. 4. 4. 9. 2,  shall  be  acquired  and 
stored  in  conjunction  with  the  clock  count  words  and  shall  correspond  to  the  mid  point  of 
the  ranging  sequence  processed  to  produce  from  which  a bearing  observation  is  made. 

Output  from  the  Relative  Bearing  Data  Processor  shall  also  be  controlled  from  the  CAS 
Data  Processor.  Thus,  two  bearing  observations,  as  are  required  for  miss  distance 
computation  of  a particular  target,  shall  be  separated  by  an  estimation  time  interval 
Atjjj  = tg  - t^  seconds  under  control  by  the  CAS  Data  Processor,  such  that: 

At^  s 4,  with  At^g  = nTjj 

where  n is  an  integer,  Tpj  is  the  round  time  encountered  by  the  VECAS  subsystem,  and 
t,  and  tg  are  the  times,  at  the  mid  points  of  the  VECAS  tracking  pulse  sequences,  used 
to  obtain  two  values  of  (paragraph  3. 4. 4. 9. 2 herein)  from  which  the  said  bearing  obser- 

vations are  derived. 

Storage  shall  not  be  furnished  for  target  clock  count  words  at  estimation  times  other  than 
tj  and  tg. 

3.4.4.10  Miss  Distance  Data  Processor 
3.4.4.10.1  General 

When  supplied  with  input  data  comprising  observed  relative  bearings;  estimation  time  and 
time  interval;  aircraft  yaw,  pitch  and  roll;  and  target  ranges  and  relative  altitudes,  the 
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Miss  Distance  Data  Processor  shall  output  miss  distance  data  and  true  relative  bearing 
data  to  the  CAS  data  processor  for  utilization  by  Its  threat  logic. 


3.4.4.10.2  Computation  Provisions 

Computation  of  miss  distance  and  Its  horizontal  and  vertical  components,  and  of  time 
relative  bearings  at  estimation  times  t^  and  t^  shall  be  executed  In  accordance  with  the 
expressions  given  by  Si^plenient  B of  this  specification,  and  under  control  by  the  CAS 
Data  Processor,  The  latter  shall  also  supply  Interrupts  at  times  t^  (=  or  t^ ) to  permit 
iiputtlng  the  attitude  data  at  those  times  to  the  Miss  Distance  Data  Processor. 

3.4.5  Bearing  Accuracy  - Bench  Testing 

When  measured  at  the  output  of  the  Relative  Bearing  Data  Processor  with  precision  test 
equipment,  the  Bearing  Subsystem  shall  have  the  performance  Indicated  by  Table  F-2  when 
Its  RF  inputs  are  fed  from  the  SECANT  VECAS  Calibration  Generator.  Coordinated  L-band 
phase  shifters,  which  have  been  accurately  calibrated  at  the  frequencies  stated  in  Table  F-1, 
shall  be  Inserted  in  series  with  the  H = 1 and  H = 4 Inputs  in  order  to  simulate  bearings 
from  0 to  360“ . The  tests  shall  be  conducted  over  this  entire  bearing  range,  and  any  off- 
set due  to  phase  unbalance  between  dual  receiver  channels  shall  be  compensated  or  allowed 
for  prior  to  determining  the  Bearing  Subsystem  errors . 
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SUPPLEMENT  A (APPENDIX  F) 

ALGORITHM  FOR  PHASE  MEASUREMENT 
DATA  PROCESSING 


(This  algorithm  is  given  in  Section  3.4.1  of  the  Bearing 
Measurement  Study) 


i 

i 


SUPPLEMliNT  li  (APPENDIX  E) 


ALGORITHMS  EXJR  MISS  DISTANCE  AND  BEARINC't  DETERMINATIONS 
ASSOCIATED  WITH  THE  MISS  DISTANCE  DATA  PROCESSOR 

Nomenclalure 

^h(tj)  = lijj  - hg  = altitude  diffei’ence  with  respect  to  own  altitude  (feet) 

= bearing  angle;  iingle  in  antenna  ground  plane  from  aircraft  longitudinal 
:ixis  to  projection  of  range  line;  measured  positive  clockwise 

R(tj)  = range,  own  aircraft  to  intruder  aircraft  (feet) 

V(tj)  = yaw  angle,  at  time  tj 

P(tj)  = pitch  angle,  at  time  t| 

r(tj)  = roll  angle,  at  time  tj 

E(tj)  = elevation  angle  of  range  line,  determined  in  vertical  plane 

€(tj)  = elevation  angle  of  range  line,  in  plane  containing  range  line  and  normal 
to  antenna  ground  plane 

= angle  between  range  lines  at  times  t^  and  tg  i 

Vj.  = magnitude  of  relative  velocity  vector  (f.p.s. ) i 

Ty  = path  angle  of  Vj,  | 

.1 

M = miss  distance;  shortest  range  to  intruder  (feet) 

Mh  = horizontal  component  of  M (feet)  j 

1 

My  = vertical  component  of  M (feet) 

Atjg  = tg  - tj,  estimation  time  interval  (seconds) 
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time  at  which  is  estimated  (mid  point  of  track  pulse  sequence);  i - 1,2 
angle  between  horizontal  projections  of  li,  and 

angle  between  horizontal  projections  of  range  line  and  aircraft  longitudinal 
axis  (horizontal  relative  i)earing) 


Computational  deque  nee; 


Ijiputs:  Ahg;  A.  R,,  R^ 

4^1*  ^2*  ^1*  ^2*  ^1*  ^2* 


Find  sin  F^,  sin  Ej,: 


Ah, 

sin  E,  = > 


Slnh,  . 


Find  Cj,  Cg: 


0,  = tan-^  [ pf  cos  iSj  - rf  sin  (Sj  ];  0 s;  | 0^  | s;  90' 
e,  = sin“^  [ sin  E\  cos  - 0^  ; 0 s [e^  |<.  90“ 

0g  = tan~^  [ Pg  cos  /Sg  - rj  sin  /3^  ];  0 1 0^  |s  90“ 


fg  = sin"^  [ sin  Eg  cos  0g  1 - 0, ; 0 ^ I e,  I s 90‘ 


find  cos  6^  , sin  613  : 


cos  6^g  = cos  cos  cos  (/Sg  - + sin  sin  e- 
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Find  My: 


K sin  V 


find  M. 


Take  sing  of  6u3j| 


10)  find  Vj.: 


Mjj  = + 


V 

r At^ 


11)  Hnd  M^: 


At  T2  Alarm:  = 11,200  + 4. 73  V^. 

At  T1  Alarm:  = 1700  +4.14  Vj.,  for  M-p^  > 3038  ft. 

= 3038,  If  < 3038 


NOTE:  Siq)erscript  r,  on  angular  quantities,  means  that  the  angle  is  to  te  inputted 
in  radians. 


APPENDIX  G 


MUTUAL  COUPLING  EFFECTS  IN  CHOSSED-AXIS  INTERFEUOMETEli 


INTRODUCTION  AND  SUMMARY 

All  earlier  analysis  (Section  3.2.2)  of  mutual  coupling  between  the  monopoles  of  a 2- 
element  single  axis  interferometer  array  showed  that,  with  a spacing  of  one  half  wave- 
length between  the  monopoles,  the  mutual  coupling  could  cause  systematic  bearing  errors 
approaching  14*  maximum.  This  appendix  extends  the  investigation  to  determine  cor- 
responding errors  for  the  more  applicable  structure  of  the  orthogonally  crossed-axis 
Interferometer  for  a generalized  spacing  between  elements  lying  on  the  same  axis.  A 
simplification  made,  whereby  no  coupling  is  assumed  to  exist  between  the  elements  of 
one  axis  with  those  of  the  other  axis,  is  justified  for  the  following  reason:  Phase  differences 
would  be  measured  sequentially  from  each  axis  element  pair,  and  any  unused  element  would 
be  deliberately  open  circuited  during  its  interval  of  inactivity . 

The  results  of  the  analysis  indicate  much  lower,  but  still  significant,  systematic  bearing 
errors  with  the  crossed-axis  configuration  having  half-wavelength  spacing  than  with  the 
single-axis  one.  However,  using  a spacing  of  four  wavelengths  (commensurate  with  the 
diameter  of  the  H = 4 ring  array  antenna)  the  systematic  bearing  errors  are  reduced  to 
negligible  proportions.  Hence,  if  this  larger  aperture  structure  were  employed  for 
vernier  bearing  measurements,  and  the  half -wavelength  one  for  bearing  ambiguity 
resolution,  no  calibration  corrections  would  be  required. 

Analysis 

Except  where  indicated,  the  notation  definitions  for  the  following  analysis  is  the  same  as 
those  employed  in  the  analysis  of  the  single-axis  Interferometer  array. 


Writing 

Cj  = cos  (a  cos  0) 

(U.-l) 

and 

= sin  (a  cos  0 ) 

(G-2) 

G-1 


Than, 


1 11  ~ ACj  + 3®^ 


(G-3) 


= ACi-jBS, 


(G-4) 


(G-5) 


B = ^ (Rn  - 


(G-6) 


where: 


- Rq  + Rjn  ■* 


Xp  = ^ + 

Bn  = ^ ^ ^ 


= ^0  - X^ 


(G-7) 


^ Zp^  ~ ^ Zjj®  ~ 


(G-8) 


I«  - (Rp-JXp)'=>  - zT 


(G-9) 


where: 


V " V 


(G-10) 


' ‘V  " V 


whence  arg  );  i.e. , the  phase  difference  between  the  phasors  and  is: 


6,-  = -tan' 


Kp  V c,  * Xp  Zp^S,  lip  Z„>  C,  - Xp  Z,f  s,  ‘I 


B\’  a procedure  similar  to  the  above,  a corresponding  expression  for  613 , the  phase 
difference  between  elements  1 and  3 lying  in  the  orthogonal  axis,  was  obtained.  It  is: 


= tan 


Xp  C3  - R,  Zp3  S, 

Rp  Z„3  C3  + X„  Zp=  ^ 


+ tan" 


Xp  C3  + Rn  Zp^  S3 

Rp  C,-  Xn  ZpS  S, 


(G-12) 


where 


C_  = cos  (0!  sin  0) 


Sg  = sin  (a  sin  0) 


(G-13) 


(G-14) 


Now  the  orthogonally  crossed-axls  interferometer  delivers  an  apparent  bearing  angle 
0^p  expressed  by: 


’app  = K 


(0-15) 


in  which  6^  and  6^3  are  given  in  G-li  and  G-12,  respectively.  The  systematic  bearing 
error  introduced  by  inter-element  mutual  coupling  will  accordingly  be: 


^app  “ ^ 


f = tan-^  ^ ^ 

m 0„ 


(G-16) 


In  computing  for  several  cases  of  differing  spacings  between  quarter-wavelength 
monopole  antenna  elements,  the  values  taken  for  rjjj  and  in  equation  set  G-7  were 


those  given  iii  Table  G-1.  Results  given  by  a computer  program  coded  in  conformance 
with  the  above  expressions  are  summarized  in  figure  G-1.  The  constant  between  errors 
in  the  currently  pertinent  cases  of  D = 0,5  and  D = 4 is  seen  to  be  two  orders  of  magnitude, 
and  approaching  three  orders  when  comparison  Is  made  with  the  maximum  error  orlgbially 
obtained  for  the  single  axis  case . 


TABLE  G-1 

MUTUAL  IMPEDANCE  DATA 


(2d/X) 

1.0 

180' 

+ 1.5 

+ 8.7 

1.5 

270' 

-1.0 

-6.0 

2.0 

360' 

+0.5 

+4.7 

2.5 

450' 

-0.35 

-3.7 

3.0 

540“ 

+0.24 

+3.1 

3.5 

630' 

00 

o 

1 

-2.7 

4.0 

720“ 

+0. 14 

+2.4 

! 


G-4 


I G-1.  Magnitude  of  lirror  in  Crossed  Axis  Interfer- 
ometer Due  to  Mutual  Coupling  Between  Axial 
Monopole  Pairs 
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APPENDIX  II 


BALUN  FREQUENCY  CHARACTERISTICS 

Figures  H-1  and  H-2  give  the  relative  amplitudes  and  phases  as  calculated  between  the 
two  loads  of  a half-wave  balun  as  a function  of  frequench  change.  It  is  assumed  here  that 
there  is  no  mutual  coupling  between  the  two  loads . The  circuitry  is  shown  at  the  bottom 
of  Figure  H-1.  At  centerband  frequency,  the  line  section  is  one-half  wave  long  and  the 
balance  quality  is  perfect  (l.e. , the  magnitudes  are  equal  and  fed  out-of-phase),  .^s  the 
frequency  changes,  this  relationship  is  Impaired,  both  in  amplitude  and  phase.  The 
curves  of  the  two  figures  Illustrate  the  effect  in  terms  of  the  parameter,  where 

Zq  is  the  characteristic  impedance  of  the  balun  line  and  Zq  is  the  magnitude  of  the  load 
impedance . 

From  Figure  H-1,  it  is  seen  that  the  ideal  amplitude  characteristic  is  obtained  for 
Zg/Zg  =1.0.  On  the  other  hand.  Figure  H-2  shows  that  the  ideal  phase  characteristic 
is  approached  as  the  ratio  Z^./Zq  > 0*  l.e. , the  load  Impedances  become  high  relative 
to  the  line  impedance.  In  the  present  ^plication,  however,  the  bandwidth  is  small  (about 
+1%)  and  the  balance  deterioration  is  considered  not  serious  for  values  of  Z^/Z^  con- 
siderable less  than  unity , 

The  data  supplied  in  Figure  H-1  gives  the  frequency  characteristics  of  the  X/2  balun 
proposed  for  use  in  this  application.  However,  this  chart  does  not  give  sufficient  de- 
tailed information  as  to  the  balance  quality  change  over  the  present  narrow  band.  There- 
fore, an  expanded  chart  of  the  central  region  of  this  graph,  more  applicable  to  the  r^irrow- 
band  of  SECANT,  is  given  in  ITgure  H-3.  This  data  shows:  (1)  that  the  amplitude 
differences  are  very  small,  even  for  a relatively  large  variation  in  the  ratio  (Z^/Zq), 
and  (2)  that  the  least  phase  variation  from  the  desired  180“  differential  is  obtained  for 
small  values  of  (Zp/Zg);  i.e. , for  the  antenna  impedance  to  be  large  relative  to  the 
characteristic  Impedance  of  the  X/2  balun  line. 
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1 


I 

J 
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Figure  H-2.  \/2  Baiun  Frequency  Characteristics  (Phase) 
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Figure  H-3.  X/2  Baiun  Frequency  Characteristics 
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EXPRESSIONS  FOR  UNAMBIGUOUS  RELATIVE  BEARING  USING 
RING  ARRAY  ANTENNAS  AND  CROSSED-AXLS 
INTERI'EROMETER 


Case  1;  Ring  Arrays 

Consider  two  concentric  ring  arrays,  one  having  a single  c\  cle  of  phase  variation  (H  = 1), 
and  the  other  having  n cycles  (II  = n),  where  n is  an  integer  greater  than  unity.  Assume 
their  common  mounting  surface  lies  parallel  to  the  wing  plane  of  the  aircraft,  and  their 
orientation  is  such  that  a wave  arriving  from  a direction  corresponding  to  zero  relative 
Ijearing  produces  zero  phase  differences  of  signals  appearing  at  the  antennas'  ports. 

Then  the  relative  bearing  jSpj  (measured  in  degrees)  for  a single  return  pulse  from  a target 
aircraft  is  found  as  follows: 


Let 


= phase  difference  (degs. ) measured  from  0°  to  360“  when  using  the 
H = 1 ring  array  antenna 

0JJ  = phase  difference  (degs.)  measured  from  0“  to  360“  when  using  the 
H = n ring  array  antenna 

e = error  in  0^ , i. e . , 0^  " ^R  ^ 


Disregarding  the  error  in  0^^: 

0j^  = (n^^)  modulo  360 

= [ n (03L  - c)]  modulo  360 

Thus  the  number  of  complete  phase  cycles  in  nflj^  is: 

r - n (01  - €)  - [n  (0^  - € )]  modulo  360 


]-l 


0 


Now 

or 

Substituting  I-l  into  1-2  and  solving  for  gives: 

% = ^ + (^1  - “ (W01  - f )1  modulo)  (1-3) 

€ is  not  known  but  may  be  bounded,  say  ^30°  . Replacing  c in  1-3  by  these  bounds  gives 
two  values  of  represented  by  and  . One  of  them  is  the  correct  bearing 

It  is  readily  shown  that  if 

I > 1 0,  - 1 . iStrue  = “°dulo  360  (1-4) 

and  if 

1 - i3a  1<  1 ^ 1 • ^rue  = ^ 

Case  2:  Crossed  Axis-Interferometers 

Alternatively,  block  no.  1 could  contain  crossed-axis  interferometer  arrays,  each  com- 
posed of  a triad  of  antenna  monopoles.  When,  as  indicated  in  Figure  1-1,  the  elements 
have  axes  intersecting  at  an  angle  (y  (0  ^ 90®),  are  symmetrical  with  the  longitudinal  axis 
of  the  aircraft,  and  are  mounted  In  a plane  parallel  to  that  of  the  wings,  the  ideal  (i.e. , 
error-free)  expression  for  the  measured  relative  bearing  in  degrees  is  readily  shown  to 


and  for  orthogonal  axes  (0  = 90°)  is: 


= 45  + arctan 


I 


where: 


= phase  difference  between  elements  1 and  2 

0^  = phase  difference  between  elements  1 and  3 

Equations  1-6  and  1-7  are  independent  of  the  interferometer  aperture  (D),  and  also  of  the 
elevation  of  the  target  with  respect  to  the  wing  plane.  However,  phase  comparison  de- 
vices are  intrinsically  inc^able  of  resolving  phase  angles  exceeding  360°.  Yet,  such 
angles  will  occur  in  an  interferometer  having  D larger  than  half  the  free-space  wave- 
length of  the  carrier,  as  in  the  present  case.  Consequently,  a secondary  interferometer 
with  D < T (where  X = wavelength)  would  be  employed  to  verify  the  true  magnitude  of 
0J3  or  0J3  as  follows: 

Given  a phase  comparator  able  to  measure  phare  differences  from  0°  to  360°  without 
ambiguity,  the  phase  angle  values  (in  degrees)  to  be  inserted  in  1-6  or  1-7  would,  sim- 
ilarly to  1-3,  be  computed  from: 


(L  1 

= — ^ + (0^  + 63)-- ([p  (0^5  - fB)]  modulo  360) 


+ ^B)  - P ([p(^i3  - fB)]  modulo  360) 


with  verifying  quallficaticas  corresponding  to  those  of  expressions  1-4  and  1-5,  and  in 
which: 

_ D'  _ element  spacing  of  the  narrow  aperture  interferometer 
^ D"  element  spacing  of  the  wide  aperture  interferometer 

fg  = error  bound  magnitude  (say  30®) 

= phase  difference  measured  in  degrees  with  respect  to  the  narrow 
aperture  (D  ^ X | 2)  interferometer,  between  elements  1 and  2. 

0^  = phase  difference  measured  in  degrees  with  respect  to  the  wide 
aperture  (D  > X |2)  interferometer,  between  elements  1 and  2. 

and  similarly  for  0^  and  0^  with  elements  1 and  3 . 


1-5 


J 
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PHASE  TRANSIENTS  IN  DOUBLE-TUNED  FILTERS 


Papoulis*  shows  that  the  response  of  a double-tuned  filter  to  a carrier  of  unit  amplitude 
cos  ofet  modulated  by  the  unit  step  function  is  given  by : 


where 


and 


with 


g(t)  = a(t)  sin  cuot  + e(t) 


(J-1) 


a(t)  = 


kto. 


or  + 


i3 


-at  sin  (jSt  - tan' 


a 


(J-2) 


e(t)  - 


k -at 
8)3® 


sin  ^t  cos 


(Cot 


(J-3) 


t ^ 0 


The  four  poles  of  the  filter,  (viz. , -a^  ^ “C^a  1 such  that  subject  to 

a^  = a,  = a,  a <$c  and  ^ -)3jj<c  )3j^  its  frequency  response  is  symmetrical  about 
is  its  center  (angular)  frequency: 


Wo  = — ; — 


(J-4) 


Simplifying  further  to  ^ = = 0 satisfies  the  above  conditions  and  gives  meaning  to  )3 

in  J-2  and  J-3. 


Substituting  from  J-2  and  J-3  in  J-1  and  allowing  for  a phase  epoch  6 of  the  excitation 
COS  cOgt  results  in  a response  of  the  form: 

g(t)  = h(t)  sin  [ccgt  + 0 - 0(t,  0)]  (J-5) 

*A.  Papoulis,  "The  Fourier  Integral  and  Its  Applications",  McGraw-Hill,  1962. 


I 


I 

i 

I 

i 


J-1 


In  which  h(t)  is  a time  varying  envelope  modulating  function,  and  0(t,  6)  is  a phase 
transient  term  given  by: 


0(t.d)  = tan-^ 


v 

cos  6 + sin  (/3t  - tan"’^  ^ ) 


where 


y = 


O'®  + jSP 


For  the  two  channel  system,  we  are  interested  in  the  phase  difference  transient  between 
the  channels  diminished  by  the  steady-state  displacement  0:  that  is,  in: 

A0  = 0(t,  0)  - 0(t,  0)  - 0 (j-7) 

and  require  that  A0  decays  to  an  acceptably  small  value  prior  to  initiating  the  phase 
measuring  process . 

In  computing  A0  as  a function  of  t and  0,  with  the  latter  taken  over  a full  cycle  of  0 to 
2ir  radians,  values  of  a,  and  oIq  were  selected  appropriate  to  two  IF  filters  of  20  MHz 
center  frequency,  5 MHz  bandwidth,  and  resonant  circuit  damping  factors  of  0.05  in  one 
case  and  0. 1 in  the  other.  Numerical  results  obtained  for  A0  using  a computer  program 
on  the  time  sharing  terminal  were  reduced  and  plotted  in  llgures  3-44  and  3-45  of  the 
report  text. 


APPENDIX  K 


SWEPT  BEARING  ERROR  DUE  TO  INTERCHANNEL  PHASE  IMBALANCE 
WHEN  EMPLOYING  THE  CROSSED-AXIS  INTERFEROMETER 


The  apparent  directlon-of-arrival  angle  (DOA)  measured  with  a crossed-axis  inter- 
ferometer, wherein  the  axes  are  arranged  orthogonally  in  the  reference  plane,  is  given 
by: 


in  which 


(^1 

K 


2ffD 

X 

2TrD 

X 


a = tan"’^ 

< 0,  + 0 > 

(K-l) 

sin  0 

(K-2) 

cos  0 

(K-3) 

where; 

= phase  angle  between  antenna  elements  lying  in  the  reference 
axis 

^3  = phase  angle  between  antenna  elements  lying  in  the  orthogonal 
axis 

0 = True  DOA 

D = Spacing  betw'een  the  pairs  of  antenna  elements  on  each  axis 

X = wavelength 

0 = phase  imbalance  between  the  two  channels  of  the  phasemeter 
employed  to  determine  and 

NOTE:  0 is  expressed  as  a positive  or  negative  angle  with  respect  to  the  phase  in  the 
reference  channel,  imder  the  condition:  |0  ] ^ n . 


K-1 


Writing 


— , (K-l)  becomes: 


, _,  . r sin  e + ^ . 

6 = tan  ^ ( a r) 

' r cos  0+0 


(K-4) 


To  determine  the  effect  of  ip  on  a small  change  (60)  in  0,  corresponding  to  a swept  bearing 
we  have: 


^cc 

6a 60 


(K-5) 


Hence  the  error  in  swept  bearing  is: 


e = 6a  - 60 


from  which  the  fractional  error  is  given  by: 


^f  60  ~ 30 


(K-6) 


Differentiating  (K-4),  after  rewriting  it  in  direct  trigonometric  form,  gives: 


da  _ I*  + r 0 (sin  0 + cos  0) 
d0  r*  + 2j.  0 (sin  0 + cos  0)  + 2 0® 


(K-7) 


FYom  (K-6)  and  (K-7) 


I I _ iji  f r (sin  0 + cos  0)  + 2 4)| 

I ^f  1 ~ r“  + 2r  0 (sin  0 + cos  0)  + 2 0^ 


(K-8) 


Clearly  | ef  | is  a minimum, 

( I e#  1 ) solve  for  ib  when 

' ' I 'max'  ^ 


i.e. , 

^ l5.I 

dd 


zero, 
= 0 


when  Ip  = 0.  To  find  its  maximum  value 
corresponding  to: 


[ r®  ^ 2r  Ip  (sin  6 -*  cos  d)  + 2 ijj^]  r (cos  9 - sin  0)  = 
[ r (sin  6 + cos  6)  * 2 0 ] 2r  ^ (cos  0 - sin  0) 


I 


from  which: 


where  ip^  is  the  value  of  ip  at  which  |ef  occurs. 

Substituting  from  (K-9)  for  ip  in  (K-8)  produces: 

r 

. . _ /2  [ r (sin  9 COB  9)  + r /2  ] 

l^flmax  ■ 2r2 -t  r®  7 (sin  0 + cos  0) 


j. 

2 


(K-9) 


I That  is,  a maximum  error  in  swept  bearing  of  50%  is  possible,  regardless  of  0. 
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DERIVATION  OF  ALGORITHM  FOR  MISS  DISTANCE  AND 
HORIZONTAL  BEARING  DETERMINATION 

This  Appendix  provides  the  detailed  derivation  of  the  equations  comprising  the  compu- 
tational algorithm  presented  in  Section  3.4.2.  Additionally,  consideration  has  been 
given  to  the  effect  of  not  compensating  for  attitude  changes,  so  as  to  justify  the  inclusion  | 

j 

of  attitude  compensation  in  the  miss  algorithm . | 

L.  1 Abstract  I 

The  conflict  plane  of  two  aircraft  approaching  one  another  is  defined  as  the  plane  of  the 
relative  range  and  relative  velocity  vectors.  Miss  distance  is  the  distance,  in  the  con- 
flict plane,  taken  normal  to  the  relative  velocity  vector.  As  such,  the  miss  distance 
vector  Is,  In  general,  not  horizontal,  but  has  both  horizontal  and  vertical  components. 

A computational  algorithm  is  derived  herein  for  the  determination  of  miss  distance  and  i 

I 

its  components,  utilizing  sequential  relative  bearing,  range,  and  altitude  difference  I 

measurements . The  horizontal  miss  distance  may  then  be  compared  with  a threshold 
value  and  an  appropriate  horizontal  maneuver  may  be  commanded,  if  required.  Additionally, 
bearing  angle  in  the  horizontal  plane  can  be  determined,  taking  account  of  (measured)  pitch 
and  roll  angles . 

Miss  distance,  as  computed  from  swept  bearing,  depends  on  the  actual  angle  between  I 

successive  range  vectors.  To  obtain  an  accurate  measure  of  this  an^e,  attitude  an^e 
differences  (yaw,  pitch  and  roll),  taken  at  the  successive  sampling  times,  must  be 
measured  and  li^jutted.  The  effects  of  neglect  of  these  differences  has  been  considered  • 

in  this  analysis,  and  are  shown  to  be  relatively  significant. 

I i 


L-1 


Expressions  for  hazard  predictors  other  than  miss  distance  components  are  presented, 
to  show  how  these  may  be  computed  from  bearing/ range/altitude  difference  measurements . 
These  evaluators  include  time-^o-closest  approach,  minimum  horizontal  range,  separation 
distance  at  specified  altitude  difference  penetration,  and  time  difference  and  vertical 
separation  at  the  crossing  point  of  the  horizontal  projections  of  the  aircraft  flight  paths. 
These  alternative  evaluators  could  conceivably  be  utilized  in  horizontal  maneuver  logic 
for  decision  and  command. 

Nomenclature: 

Ah(ti)  = hg  - hg  = altitude  difference  with  respect  to  own  altitude  (feet) 

^t^)  = bearing  an^e;  angle  in  antenna  ground  plane  from  aircraft  longitudinal 
axis  to  projection  of  range  line;  measured  positive  clockwise 

R(tj)  = range,  own  aircraft  to  intruder  aircraft  (feet) 

(Ktj)  = yaw  an^e,  at  time  tj 

P(tl)  = pitch  angle,  at  time  tj 

r(ti)  = angle,  at  time  tj 

E(tj)  = elevation  angle  of  range  line,  determined  in  vertical  plane 

e(t^)  = elevation  angle  of  range  line,  in  plane  containing  range  line  and  normal 
to  antenna  ground  plane 

6^  = angle  between  range  lines  at  times  t^  and  tg 
Vj,  = mangitude  of  relative  velocity  vector  (f.p.s.) 
yv  = path  angle  of  Vj. 


M = miss  distance:  shortest  range  to  intruder  (feet) 
= horizontal  component  of  M (feet) 

My  = vertical  component  of  M (feet) 


= t,  - tj,  estimation  time  interval  (seconds) 

= time  at  which  is  estimated  (mid-point  of  track  pulse  sequence); 
i = 1,2 

= angle  between  horizontal  projections  of  and 

= angle  between  horizontal  projections  of  range  line  and  aircraft  long- 
itudinal axis 


L.2  Horizontal  Mies  Component 

In  general,  if  either  one  or  both  aircraft.  In  a conflict  situation,  are  maneuvering;  then 
the  relative  path  of  the  one  with  respect  ot  the  other  will  be  a curved  path.  The  true  miss 
distance,  defined  as  shortest  relative  range,  is  found  along  a normal  to  the  relative  path. 

If  range  is  measured  at  two  consecutive  times,  then  the  normal  distances  to  the  tangents 
of  the  relative  path  may  be  defined  as  projected  miss  values . The  projected  miss  may  be 
either  decieaslog  or  Increasing  (See  Figures  L-la  and  L-lb).  The  miss  value  to  be  de- 
rived will  be  that  based  on  the  chord  of  the  relative  path,  between  the  two  range  llaes, 
and  hence  gives  a value  Intermediate  to  the  two  projected  misses.  If  Vj.  Is  constant, 
determined  miss  and  projected  miss  are  Identical. 

The  plane  of  the  two  range  lines  is  defined  as  the  conflict  plane.  The  miss  vector  M is 
normal  to  the  line  joining  the  end  points  of  and  R^  (see  Figure  L-2).  If  a vertical  plane 
is  drawn  through  V,.,  and  a horizontal  plane  is  drawn  through  the  protected  aircraft  position 
S,  then  vertical  miss  component  and  horizontal  miss  component  are  defined  as  the 
components  of  M in  these  planes,  respectively. 

The  intruder  aircraft  B is  located  at  altitude  difference  Ah^  = (hg  - hg)^  at  time  t^  and  at 
Ahj,  = (hg  - hg)^  at  time  The  elevation  angles  of  the  relative  range  vectors,  with  respect 
to  horizontal,  are  defined  by 


sin  Ej  = 0 s |Ei  |s  90* 


(L-1) 


WF 


J 


slnE,  = — ; 0^  lEa|^90' 


(L-2) 


From  Figure  L-2, 


M = Rj  sin = 


RtRa  sin  6x3 

VjAt^ 


R^RgSlndia 

/Rf  + Rg  - 2 Rj  Rj  cos 


(L-3) 


Ther  vertical  component  Is 


M = Ahj  + R^  cos  sin  yy 


= Ahg  + Rj,  cos  a,  sin  y 


= Ahg  + ^ Vv 


(L-4) 


where  yy,  the  path  angle  of  Vy,  Is  given  by 


“‘“’'v  - -v^ 


/r;  . cos'  ‘ l>V  1^  »»•  <'-=) 


Finally,  the  horizontal  miss  component  is 


Mjj  = + - My® 


(L-6) 


(A  discussion  of  the  sign  to  be  ascribed  to  will  be  presented  later. ) 


In  Equations  L-3,  -4  and  -5,  the  altitude  differences  and  ranges  are  obtained  directly 
by  measurements;  the  angle  6],  must  be  deduced  from  bearing  measurements.  In  general. 
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the  aircraft  body  axis  system  Is,  jsi  ^s  attitude  angles  with  respect  to  a local 

vertical  system  centered  at  the  aircraft.  In  Figure  L-3,  let  Ig,  Jg,  kg  be  the  topographic 
system  with  Tg  directed  northward,  eastward  and  kg  along  the  downward  vertical.  The 
Euler  an^e  sequence  0 (yaw),  p (pitch)  and  roll  (r)  are  defined  as  Indicated.  Note  that 
the  aircraft  velocity  vector  (Vs)  is  aligned  with  the  aircraft  longitudinal  axis  only  if  angle 
of  attack  and  side-slip  angles  are  zero  or  can  be  ne^ected;  in  that  case,  yaw  is  synonymous 
with  heading,  as  ordinarily  defined.  The  orientation  of  the  range  vector  Ij^  is  determined 
by  the  bearing  angle  measured  in  the  pitch-roll  plane  (actually  antenna  ground-plane) 
and  the  vertical  elevation  angle  E.  The  cross-plane  elevation  an^e  c,  and  the  horizontal 
bearing  angle  6s  must  be  deduced. 

To  obtain  c,  6s,  use  must  be  made  of  a coordinate  transformation  matrix,  D,  relating 
the  vertical  system  to  the  body  axis  system . Thus 


(L-7) 
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(Note:  C denotes  cosine,  S denotes  sine).  In  shorthand  notation, 


D 


dj  j djjj  di3 

*^1  ^ 
*^8  ^3 


(L-8) 


In  Figure  L-4,  let  6]gjj  r^resent  the  horizontal  an^e  projection  of  Thus  6^^^  could 
be  found,  albeit  ambiguously,  from  since 

cos  6^  = sin  Ej  sin  + cos  Ej  cos  Eg  cos  6j^jj  (L-9) 


where 

®s)a  “(•/>  + 0s)i  <L-10) 

The  llne-of-sight  unit  vector  can  be  written  as 

= cos  € cos  /3  ig  + cos  € sin  /3  jg  - sin  e kg  (L-11) 

or 

ij^  = cos  E cos  {li>  + 6s)  ^E  ^ ®s)  Jfi  “ ^ ^E  (L-12) 

Taking  dot  products  and  making  use  of  D, 

- sin  E = 1r  kg 

= d,3  cos  c cos  6 + dj^  cos  € sin  /3  - dgg  sin  € (L-13) 

cos  E sin  (^  + 0g)  = 1r  • jg 

= ^ cos  € COS  /3  + dga  cos  c sin  0 - dg^  sin  f (L'l^) 


I 
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1 


cos  E cos  (4>  + 0g)  = % * 

= dll  ^ 5 + dgi  cos  e sin  jS  - dgi  sin  c 


(L-15) 


Dividing  Equation  L-14  by  Equation  L-15, 


tan  (if) 


0 - 5 + d^  sin  /3)  cos  c - dga  sin  e 

(d^  cos  0 + d-.  sin  ff)  cos  e - d,,  sin  c 


sin  B)  cos  e - d_,  sin  e 


{L-16) 


For  small  pitch  and  roll,  the  matrix  D can  be  written  as 


cos  )j) 

-sin  ij) 

(p  cos  tp  + r sin 


sin  ^ -] 

cos  ij)  r 

(p  sin  0 - r cos  ip)  1 


(L-17) 


cos  g sin  {{()  + B)  - (p  sin  (j)  ~ r cos  sin  c 
si  CQg  f cos  (0  + j3)  - (p  cos  4)  + r sin  0 ) sin  c 


(L-18) 


in  which  the  quadrant  of  (0  + 9g)  is  determined  from  the  signs  of  the  numerator  and  de- 
nominator expressions.  The  angle  c can  be  determined  from  Equation  L-13.  Utilizing 
the  approximate  elements  in  Equation  L-17,  Equation  L-13  can  be  written  as 


sin  c + (p  cos  B - r sin  B)  cos  e = sin  E 


The  solution  to  this  equation  is  given  by 


where 


€ = sin”^  [sin  E cos  0]  - 0;  0 ^ 1^1^ 


0 = tan"’^  [p  cos  /3  - r sin  /3] ; 0 ^ \0  | ^ 90” . 


(L-19) 


(L-20) 


(L-21) 


To  recapitulate,  with  f (at  times  tj  and  t,)  determined  from  Equation  L-20,  ^ 

+ ©s  can  be  obtained,  at  the  two  times,  from  Equation  L-18;  thence  6^  are  obtained 
from  Equation  L-10  and  L-9  respectively.  Equation  L-18  requires  Inputs  of  attitude 
angles  and  bearing  angle,  measured  at  the  two  time  points.  A more  direct  way  of 
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obtaining  cos  6^,  can  be  developed,  the  resulting  expression  involving  attitude  angle 
differences  only;  hence  providing  for  a more  accurate  determination.  Equation  L-11 
can  be  written  at  time  t^,  as 


- 1 


-2  |_Cc  ] D( 


Ir 


and  similarly,  at  time  tg, 


1 \ - 


(L-22) 


(The  change  in  orientation  of  the  E system,  due  to  aircraft  velocity,  can  be  safely  ignored 
during  the  short  time  interval,  At^  .)  Taking  the  dot  product  of  Equations  L-22  and  1,-23, 


^ [ Cp52i  Co6l^,  "^1  V \ 


(L-24) 
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I 


Assuming  0^  - . Pi*  Ps  • ^i>  small,  couplet  products  can  be  neglected, 

whence 

p,d;c.  I 

Ci-f,)  I 

I I 

a skew-symmetric  matrix.  Utilizing  this  In  Equation  L-24,  we  obtain 

CO^ -h  , 

^ "V))  ^ t 5 • (d%r^i) 

+ r/Ai''^'()  Cosf,  5 SifoJ 

Taking  6^^  to  have  no  sign  ascribed  to  it,  sin  for  use  in  Equation  L-3,  is  obtained 
simply  from 

sin  6^2  = y 1 - cos®  6j2 

Note  that,  except  for  the  terms  involving  pitch  and  roll  differences,  only  the  bearing 
differonce  (iS^  - /^ ) is  needed  and  this  can  be  supplied  as  an  accurate  quantity.  Although 
functions  of  and  ^ are  needed  for  the  last  two  terms  In  Equation  26,  these  need  not 
be  very  accurate  since  they  multiply  the  necessarily  small  (in  time  Atj^ ) quantities 
(Pj  - Pj ) and  (rj  - ).  The  pitch  and  roll  difference  terms  cannot,  however,  be  neg- 

lected all  together  as  w^il  be  demonstrated  later. 
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In  accordance  with  convention,  Mjj  takes  the  sign  of  il)  + 0s,  or  equivalently,  of 
that  is,  M^j  is  positive  If  6iaj^  is  increasing  positively,  (tp  + dg)  is  obtainable  unam- 
biguously at  the  two  time  points,  from  Equation  L-18.  However,  for  maneuver  logic, 
0g  Itself  may  need  to  be  extracted,  and  this  can  be  obtained  in  a more  direct  fashion 
than  from  Equation  L-18.  (In  the  NRL  logic,  for  example,  a knowledge  of  whether  the 
intruder  is  in  the  forward  or  rearward  hemisphere  is  needed;  hence,  for  such  logic, 

0g  need  not  be  determined  accurately.  In  another  proposed  logic,  the  magnitude  of 
the  absolute  line-of-sight  turning  rate  must  be  increased,  so  that  63  would  need  to  be 
determined  more  accurately. ) Referring  to  Figure  L-3,  let  an  auxiliary  coordinate 
system  i ',  j ',  k'  be  defined  as  shown.  Thus 


C0!>f  0 

CoS  9 0 


Evidently, 


“ Cci  E COS  (^5  + COj  E 5'ik  J * - S I 


so  that 


Substituting  the  expression  for  Ir  given  by  Equation  L-11,  and  utilizing  the  matrices  of 
direction  cosines  given  by  L-17  and  L-27  into  L-28,  there  is  obtained 


- P s ivi  £ 


(L-29) 


wherein  the  quadrant  of  6g  is  determined  from  the  signs  of  numerator  and  denominator, 
since  cos  e is  always  positive.  Evidently  then,  6ia  jj  is  given  by 


(®Ba  “ ®si) 

Finally,  with  ANTC'-117  modified  threat  logic,  if  both  altitude  difference  and  range 
alarm  have  been  given,  the  computed  horizontal  miss  is  compared  with  a miss  threshold 
value  M-p.  Maneuver  alerts  or  commands  would  be  given  if  is  less  than  Mj.  In  one 
proposed  scheme,  Mt  is  made  adaptive,  being  a function  of  relative  velocity: 

At  t2  alarm  I (f+.)  = +-^-.7?  V/v 

'v 

At  XI  alarm  i M C f+. ) = Ha  a + f,  K Mr,  > S H. 

-3i)58,  i4  ( ^r,)cati^^ 


Vy  is  in  f.p.s.  in  the  above  formulae,  where  Vj.  is  given  by 


\/  _ Coi  1,? 


or  alternatively,  if  R is  measured,  by 


V = -ii  _ -R 

— — — — 

liT 


(L-30) 


(L-31) 
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where 


I 


A R 
T = — T 
-R 


If  true  tlme-to-closest  approach  (time-to-go)  is  desired,  say  measured  from  point  2, 
then, 


R 


, Co  5 


(L-32) 


An  alternative  expression.  If  R Is  measured.  Is 


(L-33) 


L . 3 Other  Threat  Evaluators  i 

L,3.1  Minimum  Horizontal  Range 

Every  relative  range  vector  has  a horizontal  projection.  Just  as  there  Is  a minimum 

range  = M between  the  protected  and  Intruding  aircraft,  there  Is  a minimum 

horizontal  distance  RfjjQjijj.  In  general,  the  horizontal  projection  of  M,  namely  Mjj,  | 

j 

Is  not  Identical  with  From  Figure  L-6,  1 

_ R,  c<»i  Cei 5’iH<sr,i^ 

dOiV,/  (L-34) 

wherein  R^ , R,,  At^^,  are  measured,  and  E^  , E,,  6]a{{  , Vj.,  are  obtained  by  utilization 
of  previously  derived  equations. 


L-14 


L.3.2  Separation  Dlatance  at  Own  Altitude  Penetration 


It  Ahj  Is  positive  and  Is  negative,  or  If  A Is  negative  and  Is  positive,  the  In- 
truding aircraft  can  attain  the  same  altitude  as  the  protected  aircraft.  In  Figure  L-5, 
this  Is  Indicated  by  the  piercing  of  the  horizontal  plane  containing  S by  the  relative 
velocity  vector  Vy.  The  distance  from  S to  the  piercing  point  Is  denoted  RJj.  Then: 


- , i?,  C » E, 2 E,  • “ K o-t " n ■ 


\/h 


^ (R.C«5E,y  4^.J„c+.v)S  1 


(L-35) 


In  this  equation,  , Ah^,  Ahg  are  measured  and  and  Ej  are  derived  from  these. 

y^  and  Sjgjj  are  given  by  previously  derived  equations,  and  are  functions  of  measured 
bearing  angles . 


L.3.3  Horizontal  Range  at  Safe  Altitude  Difference  Penetration 

If  a safe  altitude  difference  (d^)  Is  specified.  It  would  be  necessary  to  determine  the 
horizontal  separation  (Rj^)  when  d^  is  attained.  From  Figure  L-5,  in  a manner  similar 
to  the  derivation  of  Equation  L-35,  we  obtain 


(L-36) 


This  equation  Is  valid  only  If  d^  < Ahj , when  Ahj  is  positive,  y^  negative,  or  if 
|dy I < I Ahi  I when  Ah^  Is  negative  and  yy  positive. 
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L.3.4  Time  Difference  to  Crosalng  Point 


Thus  far  (mly  hazard  evaluators  defined  by  the  conflict  plane  have  been  considered. 
Criteria  presently  In  use  by  the  FAA  involve  the  actual  spatial  geometry.  In  Figure 
L-6,  assume  that  the  ground  speed  of  aircraft  B Is  greater  than  that  of  aircraft  S. 

The  projected  fll^t  paths  cross  at  the  point  X,  aircraft  B arriving  over  this  point  be- 
fore aircraft  S.  That  Is,  If  B takes  time  t*  to  arrive  at  point  X,  then  A will  take  time  t' 

+ At^.  At^  is  denoted  as  the  time  difference  to  crossing  point.  Another  useful  evaluator 
Is  the  vertical  separation  (Ah^)  of  the  flight  paths,  at  the  crossing  point. 


From  Figure  L-6, 


ii.r  Coi  ps  Ig  -f  C06  ^ -51*^  pj  -/if 


But 


- ^0  6 (fj-i  -t  I 


whence 


A 

v; 


(L-38) 


(L-39) 


(L-40) 


Now,  from  Figure  L-6, 

1^  4 Vj  (i^-^  X ) 4-A^'y 


(L-42) 


so  that 


R.  4 Va-('  - Vj  aHx  4 a. 


(L-43) 


where  Ah^  = -Ah^kg,  Substituting  equations  L-37,  -38,  41  and  equating  components, 

^3Ai^  C(?C  p5  C<?i  ^5 
“I'j  pj  <s  'f/ 

1^  5 \ n L -h  V/,  "t  6 ' ^ Y p;  ^ ^ y 


(L-44) 


The  unknowns  In  set  L— 44  are  t',  At^^.  and  ^h^*  Solving  for  the  latter  two  quantities. 


1 _ —RcosG  5tn 

^ ^ X - ; —7  ■'  7 


(L-46) 


^ h y ' ^ 0 ! n t -t- 


r • / ' 

^5  )0  S's  t "d^,  +-1  pi  \ 


(L-46) 


R,  E,  Vg,  Pg  are  measured  at  time  t^  and  6g  Is  determined  at  tj  by  Equation  L-29. 
Swept  bearing  measurements  enable  determination  of  yy  from  Equation  L-5,  and 
can  be  found  from 


-fan 


CC35 


(L-47) 


Equations  L-45  and  L-46  are  valid  only  if  the  aircraft  velocity  vectors  do  not  lie  In  the 
same  vertical  plane;  that  la,  if  0g  - Ajj  0.  For  the  vertical  plane  case  (Figure  L-7), 
vertical  separation  of  paths  at  the  crossing  point  has  no  meaning.  However,  a relevant 
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parameter  is  the  vertical  separation  (Ah')  when  one  aircraft  Is  directly  above  the  other. 
Derivations  will  not  be  provided  herein,  but  results  are  given  to  complete  the  analysis: 


Also, 


Ah'  = Rtany 


(L-48) 


(L-49) 


L.4  Comparison  of  Horizontal  Evaluators 

Preliminary  analysis  of  the  three  dimensional  conflict  geometry  leads  to  the  following 


observations: 


1) 


If  yy  pos . and  pos . , or  If  neg.  and  neg. ; then 

%p  > 

2)  If  Yy  pos . and  neg. , or  If  yy  neg.  and  My  pos . ; then 

Rjj'  > Mjj  and  R^'  > Ri^,  but  Rjjp  can  be  greater  or  less  than  Mjj 

L.5  Effect  of  Neglect  of  RoU/Pltch  Attitude  Compensation 

If  attltu«ie  changes  are  not  accounted  for  In  Equation  L-26,  there  will  be  errors  of 
computation  in  M,  Equation  L-3,  In  yy,  Equation  L-6,  and  In  My,  Equation  L-4;  thus 
leading  to  an  error  in  horizontal  miss  component.  Equation  L-6.  Since  Equation  L-26 
would  be  much  simpler  without  attitude  change  compensations,  it  Is  relevant  to  inquire 
Into  the  effect  of  neglect  of  the  compensation  terms.  At  the  outset.  It  Is  clear  that  yaw 
attitude  change  cannot  bo  ne^ected.  For  example,  if  the  conflict  plane  were  horizontal, 
we  would  have  (See  Figure  L-8){ 


L-19 


Thus,  a 3*  yaw  change  during  the  sampling  time  (~  5 seconds),  if  not  accounted  for,  would 
produce  an  equivalent  3*  error  In  bearing  measurement. 

In  the  ensuing  numerical  examples,  ^ will  be  taken  as  zero,  and  the  effects  of  pitch 
change  or  roll  change  neglect  can  be  assessed  separately.  Also,  Vy  will  be  taken  horizontal, 
so  that  Ah^  = At^  . 

Case  1;  Roll  Change  Only:  Pi  = Pg  = Oj  rj  = 0i  rg  = 3*;  0gi  - 6^  = 0: 

In  Figure  L-9,  assume  for  simplicity  that  Ig  (own  aircraft  longitudinal  axis)  Is  aligned 
with  Ig,  the  North  vector.  Vj.  Is  In  the  -Ig  direction  so  that  ^ = 0.  If  the  aircraft  has 
a roll  angle  at  time  t,,  then  a bearing  an^e,  /3g , In  the  ground  plane  (Ig,  - Jgg  plane) 
will  be  measured.  If  pitch  and  roll  are  ne^ected  in  Equation  L-29,  this  Is  equivalent 
to  taking  the  horizontal  bearing  angle  6g  equal  to  the  measured  bearing  angle  /3;  Intro- 
ducing an  error  A0g  = /^  . That  is,  Is  taken  to  have  a value  when  It  should  have 
been  computed  to  be  zero . 


From  Figure  L-9, 


|3j  = tan"’-  [ - tan  Eg  sin  r,  ] 


(L-50) 


Also,  If  Ahj  = Ahg , R^ , and  Vj.  At^  are  given,  then 

Ah, 

E,  = sin-1  [^] 


(L-51) 


^ t AH-' 


A llj. 


'•  J 


{» y,/*  0 


(L-52) 
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If  pitch  nnd  roll  are  ne^ected  in  computing  f (Equation  L-19)  thia  is  tantamount  to  taking 
elevation  with  respect  to  the  ground  plane  equal  to  vortical  elovatl<»i  (i.e. , c » E).  With 
pitch  and  roll  changes  neglected,  and  wtth  ^ - 0,  Equation  L-26  would  provide.  In 

simplest  form: 


Cfi  c«E,C.s(|Sr(2,'' 


(L-53) 


With  yy  = 0,  there  are  no  errors  in  computing  My  in  Equation  L-4.  However,  Vj.  At^g 
(Equation  L-30),M  (Equation  L-3),and  Mh  (Equation  L-6)  have  approximate  values  (hence 
errors)  due  to  the  approximation  in  6ig , as  given  by  Equation  L-63.  Thus 

L -‘“pp-  ‘ 

~ ‘5'  *'> 


n 


Apf>. 


( p. 


With  Vy  horizontal  and  with  the  conflict  plane  (plane  of  Rj  and  Rg ) vertical,  the  true 
horizontal  miss  component  is  zero.  Thus  Equation  L-66  represents  the  error  due  to 
neglect  of  roll  change.  Table  L-1  lists  numerical  results  for  selected  values  of  Rj 
and  Vj..  The  range  at  t2  alarm  is  given  by 

I.S  't'  Cfli  h I 

^ I.  5 ^ 0 0 

K,  (-^4.)  = ».&■  >‘(.o7(.  + ripolb/iboo 

The  range  at  T 1 alarm  is  given  by 


f<  , (-f-l.)  53 . 75  » k 0 7(4.  r^rl/A  ^ ^ ^ ^>0  7&y3(,o^ 

The  results  are  presumed  to  represent  worst  case  situations.  The  error  in  horizontal 
miss  may  not  be  oonsideTed  excessive  in  relation  to  miss  threshold  (M-j-),  except  for 
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the  low  relative  velocity  (Vj.  = 100  f.p.s.)  run.  However,  the  horizontal  bearing  error 
is  significant  at  low  range,  or  low  relative  velocity.  With  attitude  compensation,  and 
assuming  an  approximate  linear  relationship  of  horizontal  bearing  error  to  residual 
attitude  error,  an  imprecision  in  attitude  angle  measurement  of  . 3“  to  . 5”  should  be 
acceptable. 

Case  2:  Pitch  change  only,  r^  = r^  = 0;  p^  = 0,  p^  = 3*;  6gi  = 0gg  = 90" . The  conflict 
plane  geometry  is  taken  as  before,  with  Vj.  horizontal,  but  in  the  vertical  plane  through 
Te;  the  aircraft  is  still  aligned  initially  with  ?£,  so  that  Si  = 90" . The  effect  of  a pitch 
angle  p, , at  time  tg,  is  to  make  the  measured  bearing  angle  ^ different  from  90" . If 
the  pitch  angle  is  not  accounted  for  in  computing  Sag,  an  error  is  introduced,  ASgs  “ 

^ - 90.  Vertical  elevation  an^es  and  Eg  are  given  by  Equations  L-51  and  L-52,  as 
before.  The  bearing  angle  (See  Figure  L-10)  is  given  by 

^ = tan"^  [ ctn  E^  esc  P,  ] 

If  ^ represents  the  value  in  the  previous  case  (3®  roll),  and  a 3®  pitch  is  taken,  then 

tan  ^ - ctn  j8g 

or  /3g  =90  + 1^,  whence  ASg,,  = /Eg  . Numerical  results  for  Adg^  and  for  Mjj  are  there- 
fore identical  with  those  for  Case  1,  for  the  same  conflict  plane  geometry. 

As  an  extreme  case,  assume  an  initial  pitch  angle  of  20®,  with  a perturbation  of  3®  at 
time  tj.  The  measured  bearing  angle  at  t^  is  then  different  from  90® , so  that  there  are 
errors  In  horizontal  bearing  angles  at  both  sampling  times.  Although  the  error  In 
Is  small,  the  effect  at  long  range  and  with  substantial  true  miss  (M^  = My  = 3300  feet) 
provides  a sizeable  value  of  error  In  horizontal  miss  component  (see  Table  L-l). 
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APPENDIX  M 


TWO-DIMENSIONAL  BEARING  SITING  ERROR  DERIVATION 


It  Is  the  purpose  of  this  appendix  to  provide  a derivation  of  the  expression  ( Equation 
3.4-15)  for  phase  lag  due  to  reception  of  an  indirect  (reflected)  signal,  as  described 
in  Section  3. 5. 3.1. 

In  Figure  M-1,  point  A represents  an  antenna  stub  viewed  in  the  horizontal  (wing)  plane 
and  sitiiated  on  a line  PP'  which  is  parallel  to  the  pitch  axis  of  the  aircraft.  An  arriving 
wavefront  of  the  direct  signal  has  a horizontal  (or  near  horizontal)  direction  denoted  by 
the  line  S^A,  subtending  an  an^e  with  the  normal  AN  to  PP'.  r^resents  the  true 
relative  bearing  an^e.  The  path  of  an  indirect  signal  is  typified  by  the  line  S^B,  parallel 
to  Sj  A,  and  the  line  BA  which  meet  at  a point  B on  a reflecting  surface  RR'.  R also  desig- 
nates the  point  of  intersection  of  RR'  with  PP',  occurring  at  a distance  t from  A.  RR' 
subtends  an  an^e  a with  PP'.  The  direction  BA  is  incident  on  A with  an  angle  6g  . AC 
is  a line  drawn  perpendicular  to  S^B  and  hence  to  S^A. 

The  expressions  for  6g  and  for  the  distance  S = CB  + BA  in  terms  of  the  known  a,  (M-1) 
and  twill  first  be  found.  By  the  laws  of  reflection,  L RBA  =LR'BC,  which  are  designated 
/3.  Also  let  LRAB  = y.  Then: 


a + + y = 180“ 


(M-2) 


and  by  an^e  suf^lements 


61+ da  =28 


(M-3) 


Further: 


^ + y = 90“ 


(M-4) 


M-1 


I 


r 


Eliminating  0 and  y from  these  equations  gives 


9a  = 9i  + 2o£  - 180' 


S is  expressed  by 


^ = 01  + a - 90' 


as  found  on  eliminating  6^  and  y . 


Writing  the  distance  AB  = p,  (M-1)  can  be  expressed  as: 

s = p cos  (180®  - 2 j3)  + p 

and  substituting  for  8 from  (M-6 ) 

s = p [ 1 + cos  2 (01  + a)] 


s = 2 p cos®  (01  + O' ) 


By  the  law  of  sines: 


P = t 


= L 


sin  a 
sin  /3 


sin  a 


or 


p = -t 


sin  (©1  + a - 90®) 
sin  PC 


cos  (01  + a) 
Eliminating  p from  (M-7)  and  (M-8)  gives 

s = 2 t sin  a cos  (0i  + a) 


(M-5) 


(M-6) 


(M-7) 


(M-8) 


(M-9) 


Hence  the  phase  of  the  indirect  signal  at  A,  as  referred  to  the  phase  of  the  direct  signal 
arriving  there,  is: 

, 27rs 

■ T 


M-3 


l.e. , 


4Tr, 


li>ia 


sin  a cos  (0^  + a) 


(M-IO) 


Where  X is  the  wavelength  of  the  signal  carrier. 
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APPENDIX  N 


ESTIMATION  OF  REFLECTOR  PARAMETER 

It  is  the  purpose  of  this  Appendix  to  derive  a value  for  reflection  coefficient,  based  on 
the  antenna  radiation  pattern  of  a Boeing  707.  This  value  was  utilized  In  the  quantitative 
multipath  analysis  as  presented  in  Section  3 . 5 . 3 . 1 . 

Using  the  model  depicted  by  Figure  M-1  in  Appendix  M,  the  signal  Induced  in  a single 
stub  by  the  direct  and  Indirect  waves  acting  together  is 

eg  = Ej^  cos  cot  + Eg  cos  (cot  + 

= (Ej  + Eg  cos  ) cos  Cut  - (E^  sin  sin  Vrt 

The  amplitude  of  eg  Is  thus: 

l/o 

[(1  + pcos  + (p  sln^i;^)®] 

Ea 

where  p = — , as  in  Section  3. 5. 2. 1.3.  Hence  the  normalized  amplitude  EJ5  is: 

Eg  = -^  = (1  + 2 p cos  (N-1) 

The  angular  separation  between  successive  maxima  depends  on  the  relative  bearing  angle 
This  effect  is  apparent  for  a sector  +30”  about  the  N (nose)  axis  of  the  antenna  pattern  as 
shown  In  the  upper  left  comer  of  Figure  N-l*.  An  enlargement  for  the  sector  of  Interest 
^qjpears  In  Figure  N-2. 


♦Shear,  W.  G.  "Elements  of  the  ATA  Collision  Avoidance  System"  IEEE  Trans.  Aerospace 
and  Electronic  Systems,  Vol.  AE  5-4,  No.  2,  March  1968,  pp  395-404. 
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Radiation  Patterns  of 
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An  estimate  of  p Is  obtained  from  contiguous  maxima  and  minima  of  which  occur 
when  cos  in  Equation  N-1  . Thus 

E'  r "T 

g max  = yl  + 2p  + p*  = i P 

and 

I E^  min  = ^1  - 2p  + p*  = 1 " P 

t 

1 

I Successive  minimum  and  maximum  values  of  the  antenna  pattern  In  the  region  of  20* 

clockwise  from  the  N axis  are  7.75  and  8.60  respectively,  so  that 

1 - p ^ 7.75 
1 + p 8.60 

or 

8.60  - 7.75 
^ 8.60  + 7.75 
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ANALYTIC  MODEL  OF  MULTIPATH  TEST 


ThlB  appendix  supplements  Section  4.5,4  (Multipath  Effects).  It  is  the  purpose  herein 
to  use  a mathematical  model  representing  the  test  configuration  and  to  employ  the  analytic 
techniques  of  Section  3.5.2. 1 (Riw>le  and  Multipath  Error  Analysis)  to  ascertain  whether 
analytic  results  and  tests  results  can  be  correlated. 

0.1  Abstract  and  Summary 

Equations  were  developed  to  determine  the  deviation  from  linearity  (l.e.,  bearing  an^e 
error)  when  a mode  4 ring  antenna  array  is  illuminated  by  an  Isotropic  emitter,  simu- 
lating the  test  condition.  A computer  run  gave  a bias  error  of  .3*  and  it  is  shown  that 
this  value  is  confirmed  by  the  test  result. 

The  equations  were  modified  to  Include  the  effect  of  an  introduced  5%  reflector.  The 
maximum  peak  error  obtained  from  a computer  run  was  1.9*,  again  confirmed  by  test 
results  when  allowance  is  made  for  hybrid  error.  Subtracting  the  .3*  bias,  this  result 
correlates  closely  with  the  maximum  peak  (over  frequency  and  bearing  angle)  of  1.4» 
given  in  Table  3-8  of  Section  3.5.2. 1. 

In  conclusion,  the  quantitative  results  of  this  analysis  correlate  well  with  test  results, 
and  therefore  afford  credence  to  the  analytic  results  of  the  error  analysis  for  the  far 
field  model . 

0.2  Analysis 

Figure  0-1  is  a representation  of  a 16  element,  mode  4,  ring  antenna  array , in  the 
presence  of  an  isotropic  emitter  E and  an  isotropic  reflector  R.  The  distance  from  the 
emitter  to  the  element  is  denoted  dj,  the  distance  from  emitter  to  reflector  dER.  and 


I ! 


0-1 


the  distance  from  reflector  to  element  tj . For  the  signals  received  at  the  antenna 
element  as  direct  waves  from  the  emitter,  we  have  (similar  to  Equations  3,5-3,  3.5-4, 
3,5-8  of  Section  3.5.2, 1): 


= El  cos  cot 

(0-1) 

Iq  = El  cos  [ cot  - ^ (do  - di)] 

(0-2) 

. 2ff  . . , . ir(j-l)  , 

tj  = El  cos  [Wt  + (di  -dj)-  2 1 • 

(0-3) 

Similar  to  Equations  3.5-22,  3.5-24,  3.5-27,  we  have  for  the  signals  received  as  reflected 

waves,  and  delayed  In  transmission  to  common  port  = 2 to  = 16  elements  only), 

= pEi  cos  [tot  - S^]  (0-4) 

t"  = pEj  cos  [ tot  - (do  - dj ) - -^  ^ 1 (0-5) 

tj'  = pE^  cos  [cot  + ^ (d^  - dj)  - ^ Sj]  (0-6) 

where  the  path  differences  between  direct  and  Indirect  rays  are  given  by 


E-R  + ti  - 

(0-7) 

‘e-R  + *-0  " ^ 

(0-8) 

*E-R  ‘•J  " 

(0-9) 

0-3 

iL 


/ 


Let  a be  an  angle  specifying  the  orientation  of  the  0-R  line  of  the  reflector  with  respect 
to  the  0-1  axis  of  the  antenna  array.  The  orientation  of  the  0-E  line  with  respect  tothe  0-1 
axis  is  the  directlon-of-arrival  angle  (i.e. , bearing  angle  with  respect  to  0-1  axis),  and 
Is  denoted  0.  Any  element  (J)  is  located  at  from  the  0-1  axis.  With  the  radius  (r)  of 
the  array  given,  and  with  the  emitter  located  at  d^  distance  from  the  central  element  0, 
and  the  reflector  located  at  to  distance  from  0;  the  distances  d^  (including  d^)  and 

are  given  by 


J 


^ 7 Co5[  t'-i 


'A 


j/  - ,«■  H A.' j i 


(0-10) 


(0-11) 


(0-12) 


The  phase  angle  of  the  summed  signal,  both  direct  and  Indirect,  from  all  of  the  outer 
antenna  elements  is  defined  by  Equation  3.4-25,  and  ^ given  by 

Equation  3.5-26: 


J ino  '■  "1  ^ 

where,  as  before. 


- 1 


-+  r^(%- 


H- 


I 4-  'f  -j  C : > Tj  J 


(3.5-26) 
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aiid  where  (all  in  radians) 
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A 

P Is  a reflection  coefficient  for  the  cone  R.  The  quadrant  of  is  obtained  as 
before: 

Finally,  similar  to  Equation  3.5-30,  the  indicated  bearing  angle  Is  Aind/4,  where 


(0-13) 


and  where 


L / +(’ 


(0-14) 


-Ji 


0-5 


2 


di 


J 


The  total  error,  due  to  both  nonlinearity  and  multipath  effects,  is 


de*  = 57.2958  — — - 0* 

It  is  to  be  observed  that  the  effect  of  nonlinearity  alone  is  obtained  by  setting  p = 0 
in  Equations  3,5-26  and  P-14. 

0.3  Quantitative  Results 

Computer  runs  were  made  for  a nominal  frequency  of  1607.5  MHz  and  with  the  following 
parameters: 

* do-  j o<^~  3o’' 

K -L-  =-  73*^7" 

/hi»7,rw/ 

/t- 

T( 

p = 0 for  nonlinearity  effects 
p = .056  for  multipath  effects 
0 = 0*  to  90®,  in  .5®  Increments 


The  nonlinearity  results  (no  multipath  reflector)  shows  an  essentially  constant  error 
value  of  . 32® , in  contrast  to  the  low  valued  oscillatory  nature  of  the  error  displayed  in 
Table  3-4  , for  the  far  field.  The  difference  in  results  Is  due  to  the  near  field  effect. 
For  example,  for  the  far  field  and  for  0 = 90®  (Figure  0-2)  there  are  cancelling  effects 
so  that  ♦ = 0.  For  the  near  field,  d^  - dg  7^  d^g  - d^ , etc.  Note  in  particular  that 
do  - 0,  as  Is  the  case  with  the  far  field.  Making  a comparison  with  Figure  4-10, 

in  Section  4.5.4,  the  lower  curve  (no  cone)  appears  to  have  a negative  bias  of 


- 1,1  + ( 


1.1  + .4 


-.35® 


0-6 


the  same  In  magnitude  as  the  analytic  result.  More  significantly,  in  view  of  resolution 
and  inteipolation  difficulties  in  the  plotting  and  data  reduction  process  used  in  obtaining 
Figure  4-10,  the  iq>per  curve  (with  cone)  can  be  interpreted  as  follows; 

A positive  bias  is  evident,  equal  to 


1.9  - (— 

Subtracting  the  presumed  hybrid  error  of  . 5*  gives  the  e^qmcted  . 3*  bias  due  to  near 
field  nonlinearity. 

The  mult4)ath  error  is  shown.  Figure  0-3,  and  Includes  the  nonlinear  bias  error.  Thus, 
selecting  the  maximum  at  6 = 42.5*  and  minltnum  at  6 50.5*,  there  is  a bias  of 


1.9  - = .33* 


Comparing  the  peak  error  of  Figure  0-3  with  the  peak  value  of  the  upper  curve  (test 
result)  in  Figure  4-10,  and  reducing  the  latter  by  the  hybrid  error,  results  in  2.45-,  50, 
or  1.95*,  which  is  in  good  agreement  with  the  analytic  result. 

A rerun  for  nonlinearity  was  conducted  with  a ten-fold  increase  of  the  distance  of  the 
emitter  to  the  antenna  array.  The  nonlinear  error  was  reduced  to  l/lO  the  previous 
value,  l.e. , to  .03*.  This  lends  credence  to  the  very  small  nonlinearity  evidenced  in 
Table  3-4  , for  the  far  field  emission. 
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Figure  0-3.  Multipath  Error  (Test  Simulation) 
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13  ABSTRACT 

A study  was  conducted  to  assess  the  feasibility  and  define  the  system  accuracy  and  equipment  re- 
qulred  to  add  a bearing  measurement  subsystem  to  the  SECANT  Collision  Avoidance  System  (CAS 
The  results  Indicate  the  feasibility  of  achieving  the  accuracy  required  to  serve  useful  functions . 
Equipment  configurations  required  for  Proximity  Warning  Indicator  and  CAS  applications  were 
evolved  and  are  presented  In  detail  In  this  study. 

A design  approach  was  developed  and  trade-off  and  accuracy  analyses  are  presented.  The 
approach  utilizes  a ring  array  antenna  consisting  of  vertical  monopoles  Interconnected  by  strip- 
line. It  has  a high  accuracy  outer  ring  of  16  monopoles,  an  Inner  ring  of  4 monopoles  for  re- 
solving ambiguities,  and  a central  reference  monopole.  The  array  receives  the  signals  trans- 
mitted by  any  of  the  equipment  types  In  the  SECANT  family,  and  the  relative  bearing  Is  determine 
by  measuring  the  phase  difference  between  the  signals  In  the  reference  monopole  and  In  the  rings  j 
Random  errors  are  minimized  by  Integration  of  the  high  pulse  rate,  frequency  hopped  signals.  | 
Predicted  overall  error  Is  1 degree,  one  slg^a  with  a bias  component  of  0.8  degree  and  a randon 
component  of  0 . 5 degree . 

An  antenna  array  was  constructed  and  tests  In  an  anecholc  chamber  confirmed  the  validity  of  the 
design  approach.  Receiver  and  data  processing  configuration  approaches  were  also  develc^ed 
for  Proximity  Warning  Indicator  and  Collision  Avoidance  ^stem  sq)pllcatlons . The  general 
approach  is  also  {mpllcable  to  other  system  aimllcatlons  such  as  navigation,  and  electronic 
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